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EXECUTIVE SUMMARY 

The Virginia Tech Transportation Institute has recently completed a 36-month study (Contract 
No. DTNH22-00-C-07007, Task Order 12) for the National Highway Traffic Safety 
Administration (NHTSA) of the U.S. Department of Transportation to develop performance 
specifications for an intersection violation prevention system. The study targeted intersection 
crashes associated with violations of stop signs and traffic signals. The envisioned system will 
provide in-vehicle intersection control violation warnings to drivers; that is, it will warn drivers 
from inside their vehicles if they are in imminent danger of running a stop sign or red light. The 
system is called the Intersection Crash Avoidance-Violation warning system. Under this 
contract, the ICAV system for stop-sign violations was composed of four subsystems: 
positioning, in-vehicle sensors, computations (dynamic algorithm), and driver-vehicle interface. 
The signal-violation system used these same four subsystems and, in addition, a communications 
link with the infrastructure (the traffic signal) to determine signal phase and timing. 
 
The ICAV project had five major tasks, as follows: 
• Task 1: Perform intersection control violation crash analysis (complete); 
• Task 2: Determine top-level requirements for countermeasures (complete); 
• Task 3: Develop a testbed system (complete); 
• Task 4: Conduct research to support performance specifications (complete); and 
• Task 5: Final project reporting (complete and documented in this report). 

TASK 1 - INTERSECTION VIOLATION PROBLEM SIZE DESCRIPTION 

Subtask 1.1 showed that there were 1,698,000 crossing-path crashes for 1999. Given that there 
were an estimated 6,271,000 crashes of all types in 1999, these CP crashes accounted for 27.1 
percent of all the crashes. In 2000, there were 1,667,000 CP crashes out of an estimated 
6,389,000 crashes (26.1%). Analysis of the overall CP crash problem in Subtask 1.1 showed that: 

• Left-turn crashes make up the majority (about 52%) of CP crashes. 
• The next most prevalent type is the straight crossing-path crash type (30-35%). 
• Other CP types include right-turn crashes (about 6%) and unknown (7-11%). 

 
In terms of maximum injury severity, property-damage-only crashes made up the majority of 
CP crashes at approximately 56 percent, followed by injury crashes (including fatality 
crashes) at approximately 39 percent. About 5 percent had unknown severities. 
 
In Subtask 1.2, the variable for traffic-control device was introduced. TCDs were divided fairly 
evenly between three-color signals and stop signs. In terms of crash severity, CP crashes occurring 
at three-color signalized intersections were fairly evenly divided between PDO (50%) and injury 
crashes (46%; the remainder were unknown). Stop-sign CP crashes had more PDO crashes (58%) 
than injury crashes (39%; the remainder were unknown). 
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Subtask 1.3 looked at stop-sign crashes in greater detail and found that stop-sign CP crashes in 
which only one vehicle had a stop sign were between four and five times more prevalent than 
crashes in which both vehicles had a stop sign. 
 
Subtask 1.4 identified the crash population of light vehicles cited with violations. This analysis 
used 1999 and 2000 GES datasets containing new variables with vehicle-level data on pre-crash 
maneuvers for signalized-intersection crashes and cited violation types for all CP crashes. Those 
citation types deemed most amenable to the ICAV countermeasures were speeding, reckless 
driving, failure to yield right-of-way, and running a stop sign or traffic signal. For 1999, 63 percent 
of all three-color signal CP crashes with these violations involved a straight pre-crash maneuver by 
the violating vehicle; for 2000, the percentage was 53 percent. For stop-sign crashes, drivers in the 
one-stop-sign case were more likely to be cited than drivers in the two-stop-sign case. 
 
Subtask 1.5 attempted to understand the primary contributing factors for cited CP crashes, along 
with related environmental and roadway factors. A factor priority scheme was used to examine 
each variable in turn. Among all crash types and injury levels, driver distraction and inattention 
was the largest primary contributing factor, at 37 percent of all crashes. Driver’s vision obscured 
was indicated in about 10 percent. For environmental and roadway factors, weather was the largest 
at 13 percent, followed by road surface at 4 percent. 
 
Subtask 1.6 examined speeding behavior in cited CP crashes, including the distributions of 
posted speed limits, traveling speed (when known), and whether or not the crash was speed 
related. A high majority (93%) of CP crashes with violations are coded as “not speed related.” 
 
Subtask 1.7 explored the infrastructure characteristics (including trafficway flow and number of 
lanes) for signalized-intersection, CP crashes with violation citations. Results showed that: 

• 45 to 50 percent occurred on undivided, two-way roadways. 
• 35 to 40 percent occurred on 3- and 4-lane roadways. 

 
Although an ICAV-target crash population could not be defined and determined with specificity in 
Task 1 based on GES variables, populations likely to be addressable by the countermeasure 
concept were identified as part of Subtask 1.4. An estimated 261,000 light-vehicle crashes in 1999 
and 162,000 in 2000 occurred at intersections where one of the two vehicles had a stop sign and was 
charged with a violation. There were an estimated 133,000 crashes in 1999 and 99,000 crashes in 
2000 involving traffic-signal violations. These crash populations could be target crashes for ICAV. 

TASK 2: LITERATURE REVIEW 

Intersection CP crashes account for approximately 25 percent of all police-reported crashes in the 
United States each year. They also account for 27 percent of all crash-caused delays and for over 
$47 billion in costs (see Task 1 results from this report). Given these numbers, the US Department 
of Transportation (USDOT) has expended considerable effort in developing methods to reduce the 
numbers and severity of intersection crashes. Within the USDOT, the Federal Highway 
Administration (FHWA) has approached the problem from the infrastructure perspective, while 
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the National Highway Traffic Safety Administration (NHTSA) has taken the lead from the 
vehicle perspective. 
 
The Task 2 literature review represents one small subtask in a multi-pronged NHTSA initiative 
examining ways to reduce intersection crashes by integrating Intelligent Transportation System 
(ITS) components into vehicles. A major factor in solving the intersection crash problem is that 
many intersection crashes result from intersection violations of either a stop sign or traffic signal. 
One approach to the problem is to prevent violations from occurring, thus reducing the number of 
crashes; such an approach is taken in the current research effort. Other research efforts, such as 
crash-avoidance strategies, are focused on different aspects of the problem. The literature review 
supports the violation avoidance approach by outlining the problem-size description for 
intersection crashes, the general causal factors for the intersection crashes of interest, the 
countermeasures previously attempted for this problem, and other considerations. 
 
TASK 3 – TESTBED DEVELOPMENT AND VALIDATION 

Task 3 of the ICAV project required that VTTI develop and validate a testbed for the evaluation of 
signalized and stop-controlled intersection collision avoidance technologies. The validated testbed 
was then formally accepted by the project COTR based on demonstrations and presentations 
conducted in Blacksburg, VA, on October 28-29, 2003. 
 
The ICAV testbed was purposefully designed with performance capabilities in excess of those 
required by a deployable system so that minimum system requirements and specifications could be 
determined through systematic detuning and human performance experiments (Lee, Knipling, 
Perez, Holbrook, and Stone, 2004; Perez, Neale, Holbrook, Doerzaph, and Stone, 2002). This 
approach allowed determination of minimum system specifications which are presented later in 
this report. The system was also designed to be flexible such that the occlusion goggles, automated 
braking, and steering lock subsystems could easily be added and modified as the testbed evolved. 
The testbed was improved and updated to fulfill the requirements of each test as the project 
proceeded. 
 
The testbed vehicle was also capable of operating in two parallel modes: one for stop-sign 
violations and the other for signal violations. The stop-sign violation system used the 
positioning, in-vehicle sensors, computations, and DVI subsystems and was totally  
vehicle-based. The signal-violation system also required a communications subsystem, which 
included both an infrastructure component (i.e., transmitter from the traffic signal) and a vehicle-
based component (i.e., a receiver). 

TASK 4 – REVISED PERFORMANCE SPECIFICATIONS AND GUIDELINES 

In Task 4, tests were conducted on both the technical subsystems (detuning tests of the 
communications, sensors, and positioning subsystems) and the behavioral subsystems 
(computations and DVI). These tests were described in detail in the ICAV Task 4 Report, and 
are summarized for this report. 
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Tests of the Technical Subsystems 
In tests of the ICAV technical subsystems, deliberate, known errors were introduced into each 
subsystem to measure the effect of these errors on ICAV performance and thus determine the 
allowable error for these subsystems. This process was referred to as “detuning.” The testbed 
sensors and software were designed to surpass the initial minimum technical specifications and 
requirements for an intersection violation warning system. This was done so that the system 
could then be detuned in several areas to enable systematic examination of the effects of 
inaccuracy on system performance. A detuning interface was built into the testbed system to 
accomplish this research goal. This allowed the experimenter to input the desired amount of 
inaccuracy for a particular parameter, and to then examine the effects of the inaccuracy by 
comparing two parallel data streams - one containing the normal (highly accurate) data and one 
containing the detuned data. 
 
The detuning tests were conducted by driving the testbed vehicle towards a red-light intersection on 
the Smart Road at 40.2 and 112.7 kph (25 and 70 mph). The speeds were chosen as representing 
the two extremes of intersection warning cases. There are relatively few cases in which an 
intersection is approached at the higher of these two speeds, but when this does occur, the 
required deceleration is higher. In addition, the higher-speed cases require reliable 
communications out to a larger range. The required deceleration is lower for lower speeds, but any 
given detuning will have a proportionately larger effect (for example, an 8 kph [5 mph] 
inaccuracy will have a larger effect on a percentage basis on the 40.2 kph [25 mph] case than on 
the 112.7 kph [70 mph] case). In most detuning tests conducted, the 40.2 kph (25 mph) results 
were found to be the limiting factor for specification and requirement development. The 
dependent variable found to be most useful in interpreting the results of the detuning tests was 
normalized required deceleration (in gravity units) to stop by the stop bar once the warning was 
issued. 
 
For the communications detuning, both update rate and dropped packets were detuned. The tests 
were conducted in such a way that each could be examined separately, and then the interactive 
effects of various numbers of dropped packets at various update rates could be explored. The 
combined effect of update rate and dropped packets on required deceleration indicates that the low-
speed case has a more limited set of feasible combinations than the high-speed case. Overall, the 
data support a minimum update rate of 4-10 Hz with 0 dropped packets or 7-10 Hz with no more 
than 1 dropped packet. 
 
The only testbed sensor required by the algorithm was velocity, which was detuned at seven levels 
of error. At the lower speed, the -8 kph [-5 mph] detuning had a pronounced effect, raising the 
required deceleration to 0.56 g. The performance specification for velocity sensor accuracy can be 
directly derived from the detuning tests and should be based on the 40.2 kph case. It is likely that 
current speed-sensing technology will be adequate to support the suggested range of required 
deceleration. 
 
The positioning subsystem was detuned both longitudinally (at 13 levels) and laterally (at 7 levels). 
Although the lateral and longitudinal tests were conducted separately, in reality, modern 
positioning systems such as GPS do not differentiate between these two dimensions. For example, 
error in GPS systems is usually specified as circular error (i.e., the vehicle’s reported 
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position could be off by X distance in any direction from its actual position). Thus, any 
requirements and specifications that result from these tests must be constrained by the most 
conservative results. For example, if lane position must be known in an ICAV system, and the 
maximum allowable lateral positioning error is smaller than the maximum allowable longitudinal 
positioning error, then the lateral error specification would by default also become the longitudinal 
error specification. If lane position is not needed, then the specification may be able to rely on the 
longitudinal results. Longitudinal results indicated a required accuracy of less than ±1.11 m (3.61 
ft), while lateral results indicated a required accuracy of less than 5 m (16.4 ft) if lane-level 
accuracy is not needed. If lane-level accuracy is required, then tests conducted to date indicate that 
1.75 m (5.75 ft) accuracy is needed for a 3.7 m (12 ft) lane. 
 
Tests of the Behavioral Subsystems 
The first test examined driver behavior during normal and hard braking to a stop sign or red light 
and was modeled after the Collision Avoidance Metrics Partnership (CAMP) forward collision 
warning (FCW) tests of driver stopping behavior to a stopped lead vehicle. This experiment 
measured driver performance variations in normal and hard braking to an intersection stop line for 
two different speeds and for two different traffic control devices. The methods used replicated 
CAMP methods to the greatest degree possible so that the results could be compared. The primary 
difference was that the CAMP experiments measured driver response to a stopped lead vehicle, 
while the ICAV normal and hard braking experiment measured response to a traffic signal or stop 
light. 
 
The experimental goal for this experiment was to compare the results to the FCW results for 
stopping behavior to a stopped lead vehicle. However, the results did not replicate the results of 
the CAMP FCW experiment for the stationary lead vehicle condition in terms of how hard the 
drivers were willing to stop. Drivers appear to be willing to stop later (and, consequently, harder) 
in response to a red traffic light or stop sign than to a stopped lead vehicle. There are several 
possible reasons for these differences. One explanation is that driver perception of risk for the two 
scenarios may be quite different. For the stopped-lead-vehicle case, the driver may begin braking 
earlier for the intersection case because the penalty for overshooting the rear of a stopped lead 
vehicle is much higher than the penalty for overshooting the stop bar. A stopped lead vehicle also 
has a larger looming effect in the visual field than does a stop bar, stop sign, or traffic light. 
 
However, the intersection participants were instructed to stop at the stop bar, so once they did 
begin to brake, they may have had to brake harder than in the CAMP FCW study in order to stop by 
this point. There may also have been subtle differences in the way the CAMP-required 
deceleration parameter and the ICAV-required deceleration measures were calculated. Finally, 
there is a possibility of differences in the sensors used to measure deceleration in the two studies. 
Despite the fact that there were differences between the ICAV and CAMP results, the ICAV 
normal- and hard-braking experiment provided invaluable insight into the too-late parameters used 
in the later computations and DVI experiments. One very important finding was that there was no 
significant difference in the stopping behavior to a stop sign or red light, so that the more complex 
case of a yellow-to-red traffic light approach was used for subsequent experiments. 
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The next behavioral test was a user preference test of visual and auditory DVI candidates. An 
iterative user preference approach was used, with an initial group of candidates judged by a group 
of human factors experts recruited from among the more than 30 full-time HF professionals 
employed at VTTI. Based on comments from the experts, the worst candidates were dropped and 
promising new candidates added before the candidates were presented to members of the general 
population. A final expert evaluation was performed for the revised set of visual warnings. This 
test resulted in a viable set of candidates which were carried forward to the on-road testing with 
participants. 
 
The final set of tests was an iterative series of DVI and computational tests to determine feasible 
DVI alternatives and the optimal point for presenting these warnings. The protocol for these on-
road tests involved use of occlusion goggles for 2 s at random intervals as the participant was 
driving up and down the Smart Road. The participant occasionally encountered cross traffic (a 
confederate vehicle) at the intersection, although never at the same time as an occlusion. For the 
surprise presentation of the DVI, a second confederate vehicle followed the participant vehicle (at 
a safe distance) and an occlusion occurred right before the intersection. The DVI (auditory, visual, 
haptic, soft-braking, or some combination of these) was presented at the same time that the 
goggles cleared. 
 
The participant might be expected to think that there would be cross traffic, and thus respond to the 
yellow light more urgently than might otherwise be the case, while at the same time being aware 
of the following vehicle. Another advantage to this scenario was that is seemed to represent a 
worst-case scenario in that the driver might not be willing to brake hard because of the following 
vehicle and the threat of a rear-end collision. Thus a system that showed promise in making a 
driver stop for the following vehicle scenario might be expected to produce even better results 
when there is no following vehicle. 
 
The method of limits was used (adapted to a macro scale from the field of psychophysics). The 
first group of eight drivers was presented with a warning that was considered to be much too late to 
allow them to stop in response to the warning. After this group was run, the data were evaluated 
and the warning timing adjusted to be not quite as late. Further participants were run, also in 
groups of eight (with evaluation and timing adjustment after each group), until a warning timing 
was found that resulted in 100 percent of participants stopping at the intersection after receiving the 
warning. For the first several timing groups, one group of eight participants sufficed. In some 
cases, groups were halted after fewer than eight participants had run after one or more participants 
failed to stop in response to the warning. As the timing adjustments became closer to the optimal 
timing, it became necessary to run 16 participants for some timing conditions. As the timing of the 
warning was improved, and drivers began to stop in response to the warning, a matched set of 
drivers with no warning was run under the exact same conditions to provide baseline data (to show 
whether the warning provides a benefit above and beyond what a driver would do in the absence of 
a warning). Baseline conditions also used 16 participants. 
 
Altogether, 355 subjects were run using this protocol, of which 264 provided valid data points. 
Several DVIs were explored, including a tone-based auditory + stop-sign visual warning, an 
auditory “STOP” + stop-sign visual warning, several patterns of brake pulses, and an auditory 
“Red Light” warning combined with a haptic soft-braking warning. Optimal warning timings 
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were determined for two DVIs: an auditory “STOP” warning combined with a stop-sign visual 
warning, and an auditory “Red Light” warning combined with a haptic soft-braking warning 
(steady, continuous braking at 0.3 g). These groups also demonstrated significantly higher 
compliance rates than for the equivalent baseline groups. 
 
The next test was analytical in nature, to determine the too-early points. An appropriately timed 
algorithm should provide a timely warning to potential violators while avoiding nuisance alarms. If 
a warning occurs prior to the point at which an attentive driver would have initiated braking, it is 
categorized as “too early.” Alarms that are too early will likely deflate the safety benefits of 
collision avoidance systems because of annoyance and loss of user trust in the system (Dingus, 
Jahns, Horowitz, and Knipling, 1998). This section summarizes a small subset of results from a 
study performed under the Intersection Decision Support (IDS) project that were used to 
determine the “too early” warning condition. 
 
The too-early distributions were used to determine the appropriateness of an ICAV warning. The 
too-early distribution indicates the area in which an aware driver will respond to a changing traffic 
signal. In theory, once an approaching driver has passed the too-early distribution, the driver will 
violate the signal. Thus, an optimized ICAV countermeasure should not be initiated until after the 
driver clears the too-early region. This concept provides the framework from which warning 
appropriateness and subsystem specifications are derived. Essentially, any warning that occurs 
within the too-early region will result in some nuisance alarms for drivers at or near the distance at 
which their time-to-intersection (TTI) = yellow length. Warnings that occur further into the too-
early distribution will result in additional nuisance alarms for a larger portion of the approaching 
drivers. To determine specifications, an allowable percentage of nuisance alarms was determined 
and referred to as the too-early point. The area between the too early point and the warning point 
represents the allowable error. Accuracy specifications for each subsystem were then derived based 
on this allowable error. 
 
Revised Performance Specifications and Guidelines 
Task 2 of the ICAV project culminated in a set of preliminary performance specifications, 
requirements, and guidelines for each of the ICAV subsystems, based on previous research. 
Knowledge gaps were identified, and the tests described above were designed to fill in these 
knowledge gaps. Based on the results of the Task 4 tests, a revised set of specifications, 
requirements, and guidelines was prepared for two different warning types. The two warning 
types selected represent the two most promising countermeasures tested at VTTI to date: the 
“Red Light” auditory + continuous, steady soft-braking countermeasure and the “STOP” 
auditory + stop-sign visual warning adjusted by a 1.0 s too-early time shift. Although the two 
warnings share some of the same specifications, they are discussed separately to avoid 
confusion. The DVI guidelines are relevant to both interfaces and are presented together. 
 
Objective Tests 
A set of objective tests were developed with the goal of providing a method for ensuring that any 
future ICAV FOT system could be validated against the performance specifications and 
requirements. The tests are designed to validate the technical subsystems of an ICAV system: 
communications, positioning, and sensors. In addition, a set of tests for the computations 
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subsystem is provided to ensure accurate warning timing for the DVI selected, as well as to 
check overall system performance. 
 
 
ADDITIONAL CONSIDERATIONS 
 
The report concludes with a description of ICAV architecture alternatives, a method for 
conducting cost benefit analysis for an ICAV system, and a discussion of remaining knowledge 
gaps before an FOT can be conducted. Three possible architectures are presented. These differ in 
the location of the various ICAV subsystems in either the vehicle or the infrastructure. 
Implications and assumptions relative to each potential architecture are also discussed. 
 
Prior to making a large capital investment in ICAV development, it is important to consider the 
potential benefit of the system should it be deployed. A generally accepted method for 
investigating potential benefit is through a cost-benefit analysis (CBA). In this type of analysis 
predictions are used to estimate the benefit of a deployed system relative to the costs incurred. 
The results may be used to determine if a project should be undertaken (if the lifecycle benefits 
exceed its costs). A method is presented for performing a CBA at a later stage. 
 
The final section of this report suggests possible areas of further research prior to further 
development of the ICAV concept. Naturalistic data collection is a primary area for which 
further research is necessary. The intersection environment is one in which the driver and the 
infrastructure interact, and further knowledge about the characteristics of this interaction is 
needed. This naturalistic data collection should be supplemented by further test-track studies to 
examine other DVI types, interactions between warning modalities, and observing driver 
behavior under a greater variety of traffic and environmental conditions. Tests of different traffic 
and environmental conditions would extend the known system characteristics and specifications 
into more complex situations to determine whether the expected effectiveness of the system is 
maintained. 
 
Research leading to the refinement of threat assessment thresholds is also suggested. Finally, 
and on a longer-term basis, it may become necessary to examine ICAV DVIs in conjunction with 
other threat warnings (e.g., blind-spot vehicle presence warning, forward-collision warning). From 
a technology standpoint, it is possible that ICAV systems might leverage off other threat 
assessment technology within the vehicle (or vice versa). From a human behavior standpoint, 
ICAV warnings will eventually have to be integrated with other warnings without producing 
undesirable interactions that may distract drivers who are responding to and handling critical 
situations. To achieve this goal, it will be necessary to establish an appropriate priority scheme for 
these different warnings. 
 
Some of the above research endeavors were proposed as part of recent conceptual efforts in 
intersection safety. If implemented, the research efforts should aid in the deployment path of 
intersection collision avoidance systems similar to those discussed in this report. The results 
presented in this report, in conjunction with other parallel efforts, are expected to provide a solid 
foundation for further research for the development of intersection collision avoidance systems. 



 

INTRODUCTION 

PURPOSE OF ICAV PROJECT 
 
The Virginia Tech Transportation Institute (VTTI) has completed a 36-month study to develop 
performance specifications for an intersection violation system. This work was conducted for the 
National Highway Traffic Safety Administration of the U. S. Department of Transportation 
(Contract No. DTNH22-00-C-07007, Task Order 12). The study targeted intersection crashes 
associated with violations of stop signs and traffic signals. The envisioned system will provide in-
vehicle intersection control violation warnings to drivers; that is, it will warn drivers inside their 
vehicles if they are in imminent danger of running a stop sign or red light. The system is called the 
Intersection Crash Avoidance, Violation warning system. Under this contract, the ICAV system 
for stop-sign violations was conceived as consisting of four subsystems: positioning, in-vehicle 
sensors, computations (dynamic algorithm), and driver-vehicle interface. The signal-violation 
system requires these same four subsystems and, in addition, a communications link with the 
infrastructure (the traffic signal) to determine signal phase and timing. 
 
SCOPE AND HISTORY OF ICAV PROJECT 
 
An important note may be made with regard to the original scope of this effort as compared to the 
current scope. During the course of this project, there has been enormous interest in its potential 
for reducing intersection crashes. At the Federal level, intersection collisions have been identified 
as a major target area for research and deployment. As a result of this decision, several events have 
transpired that have moved the project in a slightly different direction and scope than was 
originally envisioned. For example, coordination of this project with other Federal projects, 
including the work of the Infrastructure Consortium’s Intersection Decision Support project (a 
pooled-fund effort), was seen as an important aspect of building future intersection collision 
avoidance systems. With the notion that such systems would address violation warning as well as 
gap acceptance issues, and considering the potential architectures of such a system, it was deemed 
necessary to involve a number of stakeholders. As an initial step, USDOT wanted to involve the 
primary stakeholders – specifically the individual State DOTs as well as Original Equipment 
Manufacturers (OEMs). 
 
Under this new collaborative effort, a plan was developed to involve the State DOTs and OEMs 
with an end goal of a truly integrated intersection collision avoidance system. As such, the 
required effort under this contract was greatly increased in some areas and scaled back in others. 
As part of this change in scope, several additional efforts were undertaken. For example, VTTI 
was involved in “preparatory analyses” efforts with a range of stakeholders, which required: 
• Attending many meetings and conference calls with government, private-enterprise, and 

academic stakeholders, including researchers, project planners, and State highway 
officials, among others. 

• Considering inputs from stakeholders on how the studies in this contract should be 
conducted and working with the contract task order manager to move the project forward in 
a productive manner. 
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•  Evaluating additional driver-vehicle interfaces that were not originally planned, yet were 
seen by many stakeholders to hold considerable promise for inclusion in an intersection 
collision avoidance system, which required: 

o The design and development of a braking system for the experimental vehicle. 
o Running many more driver participants in studies than originally planned. 

 
The efforts for this study along with the input from the stakeholders made it clear that this contract 
would not end in a field operational test. Instead, the stakeholders wanted to be intimately 
involved with the research, development, and planning for a future FOT. Nonetheless, the 
development of specifications based upon our current level of understanding is an important task 
for this project and to move the intersection collision avoidance system effort forward. The five 
ICAV functional subsystems to be specified are identified in Table 1, along with the subsystems’ 
purposes, data flows, and technologies used in the testbed. VTTI developed a testbed that is 
capable of operating in two parallel modes: one for stop sign violations and one for signal 
violations. The stop sign violation system consists of the last four subsystems in Table 1 and is 
therefore totally vehicle-based. The signal-violation system also requires a communications 
subsystem, which includes both an infrastructure component (i.e., transmitter from the traffic 
signal) and a vehicle-based component (i.e., a receiver). As will be explained in this report, early 
on-road tests indicated that driver response was not significantly different between the stop sign 
and signal violation cases, so the remaining tests were conducted only for the more complex 
signal violation scenario. 
 

Table 1. Subsystems used in the ICAV Testbed. 

Subsystem Purpose, Data Flow Testbed Technologies 
Communications 
(necessary only in 
signal violation 
system) 

Accurate, timely knowledge of signal phase, signal 
timing, signal location, and approach direction with 
respect to upcoming signalized intersections; receives 
data from infrastructure; sends data to computations 

DSRC 
(Dedicated Short Range 
Communications at 5.9 GHz) 

Positioning Accurate, timely knowledge of vehicle dynamic position 
with respect to upcoming stop sign or signal-controlled 
intersections; sends data to computations 

DGPS (Differential Global 
Positioning System) 
Detailed map database 

In-vehicle sensors Provides data stream of vehicle dynamic parameters to 
computations; sends data to computations 

Data feed from in-vehicle 
network for speed, braking, 
longitudinal acceleration, etc. 

Computations Integrates input from the positioning and in-vehicle 
sensors; calculates vehicle dynamic position with respect 
to upcoming stop sign or signal-controlled intersection; 
decides whether violation will occur; provides feedback 
to the driver via a DVI; receives data from positioning, 
in-vehicle sensors , and computations; sends data to DVI 

Dedicated mini-computer with 
programmed algorithm 

DVI Provides information to driver with respect to imminent 
stop-sign or signalized intersection violations; receives 
data from computations; sends data to driver 

LCD for visual display 
Speaker(s) for auditory display 
Soft-braking for haptic display 
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ICAV TASKS AND SUBSYSTEMS DESCRIPTIONS 

The ICAV project had five major tasks: 
• Task 1: Perform intersection control violation crash analysis (complete) 
• Task 2: Perform literature review and determine top-level requirements for 

countermeasures (complete) 
• Task 3: Develop and validate a testbed system (complete) 
• Task 4: Conduct research to support performance specifications (complete) 
• Task 5: Final project reporting (complete and documented in this report) 

 
Task 1 consisted of database analyses employing primarily 1999 and 2000 General Estimates 
System data. This included a crossing-path crash problem size description by injury severity level, 
followed by increasingly detailed analyses of crash type, traffic-control devices, violation 
distributions and types, causal factors, speed behavior, and infrastructure components. An 
estimated 261,000 light vehicle crashes in 1999 and 162,000 in 2000 occurred nationwide at 
intersections where one of the two vehicles had a stop sign and was charged with a violation. 
There were an estimated 133,000 crashes in 1999 and 99,000 crashes in 2000 involving traffic 
signal violations. These crash populations could be targets for ICAV. The Task 1 effort is 
summarized in this report, and is fully reported in Lee et al. (2004). 
 
The Task 2 report included a review of past literature relating to the stop sign/signal violation 
crash problem and proposed countermeasures. This literature review represents one small subtask 
in a multi-pronged NHTSA initiative examining ways to reduce intersection crashes by integrating 
Intelligent Transportation System components into vehicles. A major factor in solving the 
intersection crash problem is that many intersection crashes result from intersection violations of 
either a stop sign or traffic signal. One approach is to prevent violations from occurring, thus 
reducing the number of crashes; such an approach is taken in the current research effort. Other 
research efforts, such as crash-avoidance strategies, are focused on different aspects of the 
problem. This literature review supports the violation avoidance approach by outlining the 
problem-size description for intersection crashes, the general causal factors for the intersection 
crashes of interest, the countermeasures previously attempted for this problem, and other 
considerations. The Task 2 effort is fully reported in Lee et al. (2004) 

Task 3 of the ICAV project required VTTI to develop and validate a testbed for the evaluation of 
signalized and stop-controlled intersection collision avoidance technologies. The validated testbed 
was then formally accepted by the project COTR based on demonstrations and presentations 
conducted in Blacksburg, Virginia, on October 28-29, 2003. The development and validation 
efforts are briefly summarized in this report. The ICAV testbed was purposefully designed with 
performance capabilities in excess of those required by a deployable system so that minimum 
system requirements and specifications could be determined through systematic detuning and 
human performance experiments. The testbed plan is available in Lee et al. (2003). 
 
The Task 4 tests described in this document fall into two categories that cut across the five 
subsystems. The DVI and computations subsystem may be considered behavioral components of 
the overall system. Tests of these systems use human participants and were designed and 
conducted to measure some human response capabilities or preferences. More specifically, the 
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human user interacts with the ICAV system directly (i.e., the person experiences a warning 
determined by the computations subsystem and presented via the DVI), and ICAV effectiveness is 
determined primarily by its effects on driver behavior. These tests typically involved a formal 
experiment with independent variables (i.e., a parameter of system design) and dependent 
variables (i.e., a parameter of driver preference or capability). The results of these tests helped 
define optimized levels of various parameters and were used to develop performance guidelines. 
Lee et al. (2005) contains the full set of results and conclusions for these tests. 
 
The communications, positioning, and sensing subsystems may be considered technical, as 
opposed to behavioral, components of the overall system. These technical subsystems are 
essential for system functionality, but their presence is transparent to drivers. Tests of these 
subsystems did not use human participants, and typically addressed the performance capabilities 
of technologies (e.g., range, accuracy, latency, or reliability). The results of these Task 4 tests are 
performance specifications. Unlike the guidelines for optimal performance discussed above, the 
performance specifications for technical components define minimum acceptable levels of 
performance (e.g., minimum sensor accuracy requirements). 
 
ORGANIZATION AND SCOPE OF TASK 5 REPORT 
 
The research and development efforts and experiments discussed in this report took place over a 
three-year period, from approximately May 2002 through April 2005. Just considering the 12-
month experimental phase, approximately 410 participants were run and almost 1,300 trials were 
conducted for various laboratory and on-road experiments. Over 8,000 miles of data were collected 
during these trials. This report is organized by tasks, and each task is organized by subsystems 
(where appropriate). The flow of the report leads in a logical fashion from (1) current problem size 
description to (2) previous research efforts to (3) development of a testbed to (4) experiments to 
develop performance specifications and requirements to (5) the actual revised performance 
specifications and requirements to (6) the objective tests to make sure the FOT systems meet these 
specifications and requirements. In abbreviated form, this logic flow is: 

• Introduction 
• Task 1: Intersection violation problem size description 
• Task 2: Literature review 
• Task 3: Development and validation of the testbed 
• Task 4: Revised performance specifications, requirements, and guidelines, supported by: 

o Detuning tests of technical subsystems 
o On-road computations tests 
o Standardized on-road tests of DVI and computations 

• Objective tests 
• Possible ICAV architectures 
• Method for cost benefit analysis of an ICAV system 
• Additional violation warning research necessary for an intersection collision avoidance 

system 
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TASK 1: INTERSECTION VIOLATION PROBLEM SIZE DESCRIPTION 
 
Numerous studies have attempted to quantify and characterize crossing-path crashes. Many of 
these efforts were reviewed in the literature review performed for Task 2 of this project and are 
included later in this report. The ICAV project approaches the problem of crossing-path crashes by 
warning the driver when a violation is about to occur. None of the previous efforts to characterize 
crossing-path crashes looked specifically at violation crashes, so Task 1 of this project involved a 
series of database analyses aimed at creating a clear problem definition for intersection-violation 
crashes. 
 
The goal of Task 1 was to define violation crashes so that intersection-violation countermeasures 
could be developed in subsequent project tasks. The analyses included an overall crossing-path 
crash problem-size description by injury severity level, followed by increasingly detailed analyses 
of crash type, traffic-control devices, violation distributions and types, contributing factors, speed 
behavior, and infrastructure components. The analyses included identification of major 
contributing factors for each subtype of intersection-control violation. VTTI was assisted in this 
task by the creation of a new GES database by NHTSA’s National Center for Statistics and 
Analysis. VTTI used this GES database to characterize the crash problem for the years 1999 and 
2000. Crash frequencies based on the GES and reported here reflect the number of police-reported 
crashes estimated by the GES. 
 
The full extent of the crossing-path crash problem size cannot be grasped simply by reading the 
results of the Task 1 analyses. Further details of the overall crossing-path problem size can be 
obtained from the literature review section of this report. In addition, there are several recently 
released reports that complement the intersection-violation analyses reported here. More detail on 
pedestrian crossing-path crashes can be found in daSilva, Smith, and Najm (2003). For example, 
the second largest scenario category of crashes in this analysis was “Vehicle is going straight and 
pedestrian is crossing the roadway at intersection,” at 18.5 percent of all pedestrian crashes. For 
pedalcyclists, daSilva, Campbell, Smith, and Najm (2002) found that the largest crash scenario was 
“Vehicle traveling straight on a crossing path with the pedalcyclist,” at 40.2 percent of all 
pedalcyclist crashes. Fatal intersection-violation crashes, including pedalcyclist and pedestrian 
crashes, were analyzed in depth by Noga, Smith, and Najm (2003), using the Fatality Analysis 
Reporting System (FARS). A few of their results were included in the Task 1 report for comparison 
purposes. A further analysis of fatal intersection violation crashes was conducted by Campbell, 
Smith, and Najm (2004). Together, these sources should provide readers with a solid grasp of the 
crossing-path violation problem, with particular emphasis on those crashes in which at least one 
driver received a citation. 
 
The Task 1 analyses were performed in a top-down fashion, beginning with defining the overall 
crash problem (Subtask 1.1) and then refining the analyses in later subtasks (Subtasks 1.2. 
through 1.7). Thus, the purpose of the first analysis was to determine the overall size of the 
crossing-path crash problem by scenario and maximum severity level. This was accomplished by 
considering the frequency of CP crashes involving only light vehicles for 1999 and 2000. 
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SUBTASK 1.1. DISTRIBUTION OF CROSSING-PATH CRASH SCENARIOS BY 
CRASH SEVERITY 

The purpose of the first analysis was to determine the overall size of the crossing-path crash 
problem by scenario and maximum severity level. This was accomplished by considering the 
frequency of crossing- path crashes involving only light vehicles, as shown in Tables 2 and 3 for 
1999 and 2000, respectively. Note that all tables for Subtasks 1.1 through 1.7 are presented at the 
crash level (rather than the person or vehicle level) and that crash severity refers to the maximum 
injury severity for that crash. The analyses for each year are presented separately, rather than 
combined, so that future researchers can use these numbers to double-check their own work (a 
method that was used extensively for this report). 
 
The results in Tables 2 and 3 are restricted to light vehicles, as defined by Najm et al. (2001; page 
B-1), and scenarios were restricted to the type defined by the same source (page 5). Special-use 
vehicles crashes and emergency-vehicle crashes were excluded. Note that Najm et al. were able to 
use the Imputed Body Type variable, which does not exist in the new GES databases. Therefore, 
the unknown code (99) was included in the light-vehicle total in the tables below. These unknown 
body types comprised 1.2 percent of the total crossing-path crashes shown in the tables. 
 
An examination of the lower right-hand corner of Table 2 shows that in 1999, there were 
1,698,000 crossing-path (CP) crashes. Given that there were an estimated 6,271,000 crashes of all 
types in 1999, CP crashes accounted for 27 percent of all crashes. In 2000, there were 1,667,000 
CP crashes out of estimated 6,389,000 crashes, or 26 percent. 
 
Five crossing-path types of interest for this report were examined as follows: 
• Straight Crossing Path 
• Left Turn Across Path – Opposite Direction Conflict 
• Left Turn Across Path – Lateral Direction Conflict 
• Right Turn Into Path 
• Left Turn Into Path 

For most sections of the report, the three left-turn crash types were combined under the term Left 
Turn. Likewise, the two possible types of Right Turn Into Path (Opposite Direction and Lateral 
Direction) were called, simply, Right Turn Into Path. The remaining crash type is Straight Crossing 
Path; therefore, three crash types (LT, RTIP, and SCP) are discussed in most sections of this report. 
Figure 1 illustrates these crash types. 
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Table 2. Frequency of Crossing-Path Crashes Involving Light  Vehicles, 1999 GES data. 

Crash Severity 
(LTAP/OD + 

LTAP/LD + LTIP) SCP RTIP Unknown CP All CP 
Property Damage 501,000 308,000 71,000 85,000 965,000 
Only 30% 18% 4% 5% 57% 
Injury (all levels) 363,000 240,000 24,000 26,000 653,000 

 21% 14% 1% 2% 38% 
Unknown 34,000 32,000 5,000 9,000 79,000 
Severity 2% 2% 0% 1% 5% 
All Severities 898,000 580,000 100,000 120,000 1,698,000 

 53% 34% 6% 7% 100% 

Table 3. Frequency of Crossing-Path Crashes Involving Light  Vehicles, 2000 GES data. 

Crash Severity 
(LTAP/OD + 

LTAP/LD + LTIP) SCP RTIP Unknown CP All CP 
Property Damage 479,000 293,000 71,000 95,000 937,000 
Only 29% 18% 4% 6% 56% 
Injury (all levels) 349,000 255,000 23,000 26,000 653,000 

 21% 15% 1% 2% 39% 
Unknown 33,000 30,000 4,000 11,000 78,000 
Severity 2% 2% 0% 1% 5% 
All Severities 861,000 578,000 97,000 131,000 1,667,000 

 52% 35% 6% 8% 100% 
Note: VTTI did the following when performing this analysis, as required by the statement of work and 
subsequent instructions: 
1. Used the Najm et al. definition of “Light” vehicles and “Scenarios” of Crossing Path crashes as described in 

the recent report, “Analysis of Crossing Path Crashes” available from the TOM (except that the Imputed Body 
Type variable was not available). 

2. Utilized the maximum injury severity reported in a crash (Accident Level) as coded in the GES (except that 
Imputed Maximum Severity was not available) for the “Crash Severity” definition. 

3. Included fatality estimates in the injury counts, but only as taken from the GES. 
4. Used terms defined by Najm et. Al (2001): Straight Crossing Path (SCP); Left Turn Across Path – Opposite 

Direction Conflict (LTAP/OD); Left Turn Across Path – Lateral Direction Conflict (LTAP/LD); Right Turn 
Into Path (RTIP); Left Turn Into Path (LTIP). 

5. Rounded GES estimates to the nearest 1,000, and used asterisks to represent estimates between 0 and 500. 
 
Note: In the above and all of the following Task 1 tables, rounding errors based on note 5 (above) may occasionally 
cause numbers in totals to seem to too high or too low by 1,000. Likewise, percentages may sometimes total 99 percent 
or 101  percent but are always represented as 100 percent in the totals. 



 

 

Figure 1: Crossing-Path Scenarios (figure reprinted from Najm, Smith, and Smith, 2001). 
 
The following points were noted in interpreting the Subtask 1.1 results: 

• Left-turn crashes make up the majority of crossing-path crash types, at about 52 percent 
of CP crashes for 1998-2000. 

• The next most prevalent type is the straight crossing-path crash type, at about 30-35 
percent, followed by unknown CP crashes at 7-11 percent. 

• Right-turn crashes are the least common type, constituting approximately 6 percent of 
all CP crashes for 1998-2000. 

• In terms of maximum injury severity, PDO crashes made up the majority of CP crashes, at 
about 56 percent, followed by injury crashes (including fatality crashes) at about 39 percent. 
There were also a significant number of unknown severity levels, about 5 percent. 

SUBTASK 1.2 DISTRIBUTION OF CRASHES BY TRAFFIC-CONTROL DEVICE 

The next step for the Task 1 analyses was to further refine the Subtask 1.1 findings according to 
the traffic-control devices involved. There were two traffic-control devices of interest for this 
subtask: 3-color signals and stop signs, defined as indicated by the GES User’s Manual. Tables 4 
and 5 include categories for these devices. The dynamics of turning left, going straight, or turning 
right are segregated because they are very different types of pre-event movements, and each could 
require a different approach to violation-countermeasure development. Such distinctions are 
believed at this time to be unnecessary for stop-sign controlled crashes, although stop-sign crashes 
were analyzed in greater depth in Subtask 1.3. 
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Table 4. Frequency of Crossing-Path Crashes Involving Light Vehicles by 
Traffic Control Device, 1999 GES data. 

  3-Color  
 All Left    Unknown Total 
Crash Severity Turns SCP RTIP Stop Signs TCD CP 

Property Damage 159,000 83,000 18,000 301,000 11,000 604,000 
Only 14% 7% 2% 27% 1% 54% 
Injury (all levels) 144,000 86,000 6,000 204,000 4,000 452,000 

 13% 8% 1% 18% 0% 41% 
Unknown 15,000 11,000 1,000 20,000 1,000 53,000 
Severity 1% 1% 0% 2% 0% 5% 
All 319,000 179,000 25,000 525,000 16,000 1,109,000 
Severities 29% 16% 2% 47% 1% 100% 

Note: Due to space limitations, unknown crossing-path crash types for three-color signals are not included in this 
table. Altogether, there were 45,000 crashes of this type. 

Table 5. Frequency of Crossing-Path Crashes Involving Light Vehicles by Traffic Control 
Device, 2000 GES data. 

  3-Color     
 All Left    Unknown Total 
Crash Severity Turns SCP RTIP Stop Signs TCD CP 

Property Damage 161,000 93,000 16,000 215,000 19,000 536,000 
Only 16% 9% 2% 22% 2% 54% 
Injury (all levels) 149,000 96,000 4,000 145,000 9,000 412,000 

 15% 10% 0% 15% 1% 41% 
Unknown 15,000 10,000 1,000 14,000 2,000 46,000 
Severity 2% 1% 0% 1% 0% 5% 
All 325,000 199,000 21,000 374,000 30,000 994,000 
Severities 33% 20% 2% 38% 3% 100% 

Note: Due to space limitations, unknown crossing-path crash types for three-color signals are not included in this 
table. Altogether, there were 45,000 crashes of this type. 
 
The following points were noted in interpreting the Subtask 1.2 results: 
• Traffic-control devices were fairly evenly divided between 3-color signals and stop signs. 

There were very few unknown TCDs (1.5-3.0%). 
• There were fewer stop-sign crashes for 2000 than for 1999. The analysis was double 

checked, but the cause for the discrepancy could not be found. However, Subtask 1.3 
looked at stop-sign CP crashes in more detail, and the total numbers for 2000 look more 
realistic for this table. Since later subtasks derive from the numbers in Subtask 1.3, the 
discrepancy noted in Subtask 1.2 did not matter for the later analyses. 

• In terms of crash severity, 3-color signal CP crashes were fairly evenly divided between 
PDO and injury crashes, while stop-sign CP crashes had more PDO crashes than injury 
crashes. 
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SUBTASK 1.3 DISTRIBUTION OF STOP-SIGN CRASHES BY T R A F F I C W A Y  
C O N T R O L  

The goal of Subtask 1.3 was to develop further insight into the stop-sign crashes identified in 
Subtask 1.2. The purpose of this subtask was to determine the number of vehicles with a stop sign 
at stop-signed intersection crashes and the number of vehicles with a thoroughfare (no stop sign) at 
stop-signed intersection crashes. Thus, for Subtask 1.3, the stop-sign crash data from Subtask 1.2 
was subdivided according to whether one or both of the two crashing vehicles had a stop sign. 
Tables 6 and 7 provide the details of this analysis. As shown, in about 80 percent of the crashes, 
one vehicle had a stop sign, and one vehicle had no TCD. This 4:1 proportion holds true regardless 
of severity. Note that this analysis did not examine 2-way stop intersections versus 4-way stop 
intersections. Rather, the crash could have occurred when two vehicles facing one another at a 2-
way stop intersection came into the intersection together, with one turning across the path of the 
other. GES does not distinguish between these two types of intersections. 
 
Note that for 1999, the total number of stop-sign crashes is somewhat less than the number 
identified in Subtask 1.2 (6.3% fewer crashes). This difference exists because the Subtask 1.2 
analysis was performed at the Accident level, while Subtask 1.3 was performed at the Vehicle 
level to capture the TCDs associated with individual vehicles, and the results were then converted 
to the Accident level. The new GES databases provided by NHTSA and used for this report 
include many variables at the Vehicle level that were previously only available at the Accident 
level, including TCD. 
 

Table 6. Frequency of Crossing-Path Crashes Involving Light Vehicles at Stop Signs by 
Trafficway Control, 1999 GES data. 

 Stop Signs 
Crash Severity 1 Vehicle With Sign 2 Vehicles With Sign Total Stop Sign 
Property Damage Only 225,000 58,000 283,000 

 46% 12% 57% 
Injury 157,000 34,000 191,000 

 32% 7% 39% 
Unknown Severity 11,000 7,000 18,000 

 2% 1% 4% 
Total 393,000 99,000 493,000 

 80% 20% 100% 



 

11 

Table 7. Frequency of Crossing-Path Crashes Involving Light Vehicles at Stop Signs by 
Trafficway Control, 2000 GES data. 

 Stop Signs 
Crash Severity 1 Vehicle With Sign 2 Vehicles With Sign Total Stop Sign 
Property Damage Only 217,000 43,000 260,000 

 48% 10% 58% 
Injury 148,000 22,000 170,000 

 33% 5% 38% 
Unknown Severity 16,000 2,000 18,000 

 4% 0% 4% 
Total 381,000 68,000 449,000 

 85% 15% 100% 

The following points were noted in interpreting the Subtask 1.3 results: 
• Stop-sign CP crashes in which only one vehicle had a stop sign were between four and 

five times more prevalent than crashes in which both vehicles had a stop sign. 
• As noted in Subtask 1.2, there was a discrepancy in the number of stop-sign crashes for 

2000, but this discrepancy largely disappeared in the Subtask 1.3 analysis. 
• Although PDO crashes were more prevalent for all stop-sign crashes, the ratio of PDO to 

injury crashes was higher for crashes in which both vehicles had stop signs (a greater 
proportion of the two-stop-sign cases were injury crashes as compared to the one-stop-
sign case). 

 
 
SUBTASK 1.4. DISTRIBUTION OF PRE-CRASH MANEUVERS BY LIGHT 
VEHICLES CITED WITH VIOLATIONS 
 
Following the analyses performed in the previous three subtasks, Subtask 1.4 identified the crash 
population of light vehicles cited with violations. At the same time, pre-crash maneuvers were also 
considered for the left-turn and right-turn CP crash types for three-color signals. The rationale for 
this approach is that the population of cited violations should contain nearly all of the preventable 
crashes (except perhaps for fatality crashes and extremely infrequent, uncited cases). The 
assumption was made that a citation was issued in instances in which one or both drivers was felt 
to be at fault in some way, and that this assumption of fault implies that a different action or 
decision by the driver could have prevented the crash. In other words, when an officer feels the 
crash was not preventable, a citation would be less likely to be issued. The population of cited 
crashes probably also includes a subset of intentional violations which would not be as amenable 
to an ICAV countermeasure. The proportion of intentional versus unintentional violations is 
discussed further in the Task 2 section of this report. 
 
Tables 8 and 9 were completed as the first step of the Subtask 1.4 analysis. In these tables, the 
signal crashes are sorted to the vehicle level by the type of maneuver with violation that the 
drivers were trying to complete. For example, a cited driver who was driving straight in a RTIP 
crash was classified differently than a cited driver who was making a right turn for the same crash 
type. Also, the columns under the stop-sign classification were derived from the analysis 
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performed in Subtask 1.3, but were limited in this task to citations assigned to the driver with a 
single stop sign, or to citations charged to one of the two drivers, where each had a stop sign. The 
unknown TCDs were dropped from the analyses for this and subsequent subtasks. 
 
The analyses for this subtask and subsequent subtasks were performed at the Vehicle level and 
were then converted to the Accident level (necessary for the rare cases in which more then one 
vehicle was cited for a crash). The violations used in the analyses were those believed to be most 
amenable to the type of countermeasures envisioned by the ICAV project. Therefore, the 
violations used were speeding, reckless driving, failure to yield right of way, running a traffic 
signal or stop sign, and unknown violations (since it was believed that for CP crashes, most of 
the unknowns would fall under one of the previous four categories). 
 
The most notable item in Tables 8 and 9 is the high preponderance of straight pre-crash 
maneuvers. Assuming that both vehicles in an SCP crash have straight pre-crash maneuvers, 63 
percent of all 3-color signal CP crashes with violations in 1999 involved a straight pre-crash 
maneuver by the violating vehicle. The percentage was slightly lower in 2000, at 53 percent. 
Also, note that the frequency of citations varies according to the pre-crash maneuver for left and 
right crash types: cited drivers were more likely to be making a turning pre-crash maneuver than 
a straight pre-crash maneuver. For stop-sign crashes, drivers with one stop sign were much more 
likely to receive one of the relevant citations than were drivers in crashes in which both vehicles 
had a stop sign. Finally, right-turn CP crashes were much less likely to be cited for the above 
types of violations, regardless of pre-crash maneuver. 

Table 8. Frequency of Pre-Crash Maneuvers Involving Light Vehicles Cited with 
Violations (1999 GES; grand total of 541,000 cited crashes). 

 3-Color Signal 
All Left Turn RTIP Stop Signs Crash 

Severity 
Left Turn Straight 

SCP 
Right Turn Straight 1 S 2 S 

PDO 42,000 29,000 45,000 6,000 3,000 139,000 6,000 
Injury 46,000 32,000 55,000 1,000 1,000 119,000 7,000 
Unknown 2,000 1,000 2,000 * * 3,000 * 
Total 90,000 63,000 101,000 8,000 4,000 261,000 14,000 
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Table 9. Frequency of Pre-Crash Maneuvers Involving Light Vehicles Cited with 
Violations (2000 GES; grand total of 394,000 cited crashes). 

3-Color Signal 
All Left Turn RTIP 

Stop Signs Crash 
Severity 

Left Turn Straight 
SCP 

Right Turn Straight 1 S 2 S 
PDO 44,000 19,000 33,000 6,000 1,000 87,000 16,000 
Injury 44,000 17,000 38,000 1,000 * 72,000 10,000 
Unknown 1,000 1,000 1,000 * * 2,000 * 
Total 89,000 37,000 72,000 7,000 1,000 162,000 26,000 

Note: In completing the above tables, VTTI used the following notes supplied by NHTSA in the SOW: 
1. At a signal, at least one vehicle has to violate the red light in SCP, LTAP/LD, and LTIP crashes, but all 

crashes are not cited. This table shows only those cited. 
2. At a signal, there may or may not be a red-light violation in LTAP/OD and RTIP crashes. This table shows 

only those cited. 
3. With stop-sign crashes, a distinction has to be made between a vehicle “entering an intersection without 

stopping” and a vehicle “stopping first and then proceeding against traffic.” Only the former entails a stop-
sign violation. The pre-event vehicle-movement variable may be used to make that distinction. 
Unfortunately, the GES codes do not represent these maneuvers well. The violation-cited codes in the GES 
contain information on “running stop sign” and “failure to yield a right-of-way.” The former indicates a stop-
sign violation. (In some cases, the latter violation is also issued to drivers who did not stop.) 

4. For each cell in the above table, determine the distribution of violation types as coded in the GES. 

The next part of Subtask 1.4 required that each of the cells in Tables 8 and 9 be distributed by 
citation type. This resulted in seven tables for each year (a total of 14 tables) and one table for 
each column from Table 8 or 9. Summary Tables 10 and 11 are presented first and distribute the 
violation types across all crash types. These tables are followed by Tables 12 through 25, which 
present the violation distributions for each crash type. 

Table 10. Violation Types Across All CP Crash Types from Table 8, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield ROW 

Running 
Traffic 
Signal 

Violation 
Type 

Unknown Total 

PDO 1,000 * 121,000 62,000 86,000 270,000
Injury 1,000 1,000 102,000 68,000 90,000 262,000 
Unknown * * 3,000 2,000 4,000 9,000 
Total 2,000 2,000 225,000 133,000 180,000 541,000 

Table 11. Violation Types Across All CP Crash Types from Table 9, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield ROW 

Running 
Traffic 
Signal 

Violation 
Type 

Unknown Total 
PDO 2,000 1,000 104,000 47,000 51,000 205,000 
Injury 2,000 1,000 82,000 51,000 46,000 182,000 
Unknown * * 2,000 1,000 3,000 6,000 
Total 4,000 2,000 188,000 99,000 100,000 393,000 
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Table 12. Violation Types for 3-Color Signal, Left Turn CP Crash, and Left Turn Pre-Crash 
Maneuver, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 25,000 3,000 14,000 42,000 
Injury * * 25,000 2,000 19,000 46,000 
Unknown * * 1,000 * 1,000 2,000 
Total * * 51,000 5,000 34,000 90,000 

Table 13. Violation Types for 3-Color Signal, Left Turn CP Crash, and Left Turn Pre-Crash 
Maneuver, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 31,000 2,000 11,000 44,000 
Injury * * 31,000 2,000 12,000 44,000 
Unknown * * * * 1,000 1,000 
Total * * 61,000 4,000 23,000 89,000 

Table 14. Violation Types for 3-Color Signal, Left Turn CP Crash, and straight pre-crash 
maneuver, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 2,000 12,000 15,000 29,000 
Injury * * 2,000 13,000 17,000 32,000 
Unknown * * * * 1,000 2,000 
Total * * 5,000 25,000 33,000 63,000 

Table 15. Violation Types for 3-Color Signal, Left Turn CP Crash, and Straight Pre-Crash 
Maneuver, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO 1,000 * 1,000 11,000 5,000 19,000 
Injury 1,000 * * 10,000 6,000 17,000 
Unknown * * * * * 1,000 
Total 1,000 1,000 2,000 21,000 12,000 37,000 



 

15 

Table 16. Violation Types for 3-Color Signal, Straight CP Crash, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 2,000 26,000 15,000 45,000 
Injury * * 2,000 32,000 21,000 55,000 
Unknown * * 1,000 1,000 * 2,000 
Total 1,000 1,000 5,000 59,000 37,000 101,000 

Table 17. Violation Types for 3-Color Signal, Straight CP Crash, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 3,000 21,000 8,000 33,000 
Injury * * 2,000 25,000 11,000 38,000 
Unknown * * * * 1,000 1,000 
Total 1,000 * 5,000 46,000 20,000 72,000 

Table 18. Violation Types for 3-Color Signal, Right Turn CP Crash, and Right Turn Pre- 
Crash Maneuver, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 3,000 1,000 2,000 6,000 
Injury * * 1,000 1,000 * 1,000 
Unknown * * * * * * 
Total * * 4,000 1,000 3,000 8,000 

Table 19. Violation Types for 3-Color Signal, Right Turn CP Crash, and Right Turn Pre-
Crash Maneuver, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * 3,000 * 2,000 6,000 
Injury * * * * * 1,000 
Unknown * * * * * * 
Total * * 4,000 1,000 2,000 7,000 
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Table 20. Violation Types for 3-Color Signal, Right Turn CP Crash, and Straight Pre-Crash 
Maneuver, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * * 1,000 2,000 3,000 
Injury * * * 1,000 * 1,000 
Unknown * * * * * * 
Total * * * 1,000 2,000 4,000 

Table 21. Violation Types for 3-Color Signal, Right Turn CP Crash, and Straight Pre-Crash 
Maneuver, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Traffic 
Signal 

Violation Type 
Unknown Total 

PDO * * * 1,000 * 1,000 
Injury * * * * * * 
Unknown * * * * * * 
Total * * * 1,000 * 1,000 

Table 22. Violation Types for Stop Sign, Where One Vehicle Had a Stop Sign, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Stop Sign 

Violation Type 
Unknown Total 

PDO * * 85,000 19,000 34,000 139,000 
Injury * 1,000 70,000 20,000 29,000 119,000 
Unknown * * 1,000 1,000 1,000 3,000 
Total 1,000 1,000 156,000 40,000 64,000 261,000 

Table 23. Violation Types for Stop Sign, Where One Vehicle Had a Stop Sign, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Stop Sign 

Violation Type 
Unknown Total 

PDO 1,000 * 58,000 9,000 20,000 87,000 
Injury 1,000 * 45,000 11,000 15,000 72,000 
Unknown * * 1,000 * 1,000 2,000 
Total 2,000 0 104,000 20,000 36,000 162,000 
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Table 24. Violation Types for Stop Sign, Where Two Vehicles Had a Stop Sign, 1999 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield ROW 

Running 
Stop Sign 

Violation Type 
Unknown Total 

PDO * * 2,000 1,000 3,000 6,000 
Injury * * 2,000 1,000 4,000 7,000 
Unknown * * * * * * 
Total * * 5,000 2,000 7,000 14,000 

Table 25. Violation Types for Stop Sign, Where Two Vehicles Had a Stop Sign, 2000 GES. 

Crash Severity Speeding 
Reckless 
Driving 

Failure to 
Yield 
ROW 

Running 
Stop Sign 

Violation Type 
Unknown Total 

PDO * * 8,000 3,000 5,000 16,000 
Injury * * 4,000 3,000 2,000 10,000 
Unknown * * * * * * 
Total * * 12,000 6,000 7,000 26,000 

The following points were noted in interpreting the Subtask 1.4 results: 
• For 1999, of the crash-involved drivers who were cited at 3-color-controlled 

intersections: 63 percent were traveling straight, 34 percent were turning left, and 3 percent 
were turning right; for 2000, the percentages were 53 percent traveling straight, 43 
percent turning left, and 3 percent turning right. 

• In terms of the overall analysis, for left- and right-turn crash types, drivers making a 
turning pre-crash maneuver were more likely to be cited than drivers making a straight 
pre-crash maneuver, depending on the year, crash type, and pre-crash maneuver type. 

• For stop-sign crashes overall, drivers in the one-stop-sign case were more likely to be 
cited than were drivers in the two-stop-sign case--to a degree that cannot be fully 
explained by the larger overall number of CP crashes in this category. 

• In terms of overall violation type, there were a significant number of unknown violation 
types (25-30%). For those violations that were known, the most common overall 

violation was a failure to yield right-of-way, followed by running a traffic sign or signal. 
• Speeding and reckless driving were rarely cited in CP crashes overall. 
• The detailed analyses for each crash type showed the following most common violations: 

o For 3-color signal, LT with LT pre-crash maneuver crashes, 62 percent of the 
cited violations were for failure to yield right-of-way (ROW). 

o For 3-color signal, LT with straight pre-crash maneuver crashes, 46 percent of the 
cited violations were for running a traffic signal. 

o For 3-color signal, SCP crashes, 61 percent of the cited violations were for 
running a traffic signal. 

o For 3-color signal, RT with RT pre-crash maneuver crashes, 52 percent of the 
cited violations were for failure to yield ROW. 

o For 3-color signal, RT with straight pre-crash maneuver crashes, 43 percent of the 
cited violations were for running a traffic signal. 
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o For stop sign CP crashes in which one vehicle had a stop sign, 61  percent of the 
cited violations were for failure to yield ROW. 

o For stop sign CP crashes in which both vehicles had a stop sign, 44 percent of the 
cited violations were for failure to yield ROW. 

 
SUBTASK 1.5 CRASH CONTRIBUTING FACTORS OF LIGHT VEHICLES CITED 
WITH VIOLATIONS 
 
The next phase of analysis determined the contributing factors associated with light vehicle drivers 
that violated the 3-color signal or the stop sign for each cell identified in Tables 8 and 9 of Subtask 
1.4. The factor priority scheme method outlined by Najm, Koopmann, Boyle, and Smith (2001) 
was used. The method uses a process of elimination in an attempt to capture the single-most 
important factor that could have caused or contributed to the crash. These factors may include 
items such as alcohol, drugs, drowsiness, inattention, vision obstruction (including vision 
obstruction due to road geometry), and speeding, among others. These factors are not all found 
under a single GES variable, so this subtask required an iterative analysis process that took 
considerable effort, time, and attention. For crashes that could not be connected to any of the 
factors identified in the course of competing the subtask, environmental and roadway factors were 
explored for crash contribution. Upon consideration of the SOW and previous research efforts, 
including Najm, Smith, and Smith (2001) and Najm, Koopmann, Boyle, and Smith (2001), the 
following factors were chosen, in order of consideration: 

• Alcohol and/or drugs (using the person-drug and person-alcohol variables) 
• Driver’s vision obstructed (including due to roadway features) 
• Driver impairment (including drowsiness) 
• Driver distraction (including inattention) 
• Speeding 

 
For any remaining crashes, the following environmental and roadway variables were explored, in 
order of consideration: 

• Weather (not clear) 
• Roadway surface (not dry) 
• Roadway alignment (not straight) 

 
More detail is warranted for the factor priority scheme method. Once the order of factors was 
decided, as shown in the above lists, each factor was explored individually. For example, the 
alcohol and drug cases examined the alcohol and drug contributing factor, keeping in mind that an 
alcohol or drug citation was not issued for these crashes (since these violation types were excluded 
in Subtask 1.4). These values give an idea of the size of the drug and alcohol problem, even if 
citations aren’t issued. Once numbers were derived for each crash type and injury level, all drug 
and alcohol cases were removed from the database so the next factor, driver vision obstruction, 
could be considered. Again, these cases were then removed from the database before the next 
factor was considered. 
 
Due to the repetitive nature of these tasks and the large number of tables generated (14 per year 
analyzed) only the high-level 2000 results are displayed. The reader is referred to Lee, Knipling et 
al. (2004) for the detailed tables and graphs associated with this subtask. Table 26 summarizes the 
contributing factors across all crash types and injury levels for 2000. 
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Table 26. Frequency and Percentage of Primary Contributing Factors for All CP Crash 
Types and Crash Severities for Light Vehicles Cited With Violations, 2000 GES data. 

Primary Contributing Factor Frequency Percent 
Alcohol or Drugs 8,000 2% 
Driver’s Vision Obscured 38,000 10% 
Driver Impairment (including drowsiness) 3,000 1% 
Driver Distraction or Inattention 143,000 36% 
Speeding 8,000 2% 
Total Primary Contributing Factors 200,000 51% 
Environmental or Roadway Factors Frequency Percent 
Weather (not clear) 51,000 13% 
Road Surface (not dry) 15,000 4% 
Roadway Alignment (not straight) 6,000 2% 
Total Environmental or Roadway Factors 71,000 18% 
Total Contributing Factors 271,000 69% 
Total Crashes from Table 9 394,000 100% 

The following points were noted in interpreting Subtask 1.5 results: 
• Over all crash types and injury levels, driver distraction/inattention was the largest 

primary contributing factor, at 36 percent. This finding validates some of the 
assumptions of purpose made in the early stages of the ICAV project: to capture the 
attention of the inattentive or distracted driver. 

• Driver’s vision obstructed was the second largest category overall, at approximately 10 
percent. 

• Of environmental and roadway factors, weather was the largest, at 13 percent, followed by 
road surface at 4 percent. 

• Over all crash types and injury levels, 51 percent of crashes could be attributed to one 
of the primary contributing factors, while 18 percent were attributed to environmental 
or roadway factors. Total, 69 percent of crashes could be assigned to one of the eight 
factors. 

 
 
SUBTASK 1.6. SPEED BEHA VIOR IN CROSSING PATH CRASHES 
 
The analyses performed in Subtask 1.6 characterized speeding behavior of violating drivers 
involved in crashes with various traffic-control devices. The distribution of the posted speed limits, 
the distribution of the traveling speed, and the speeding status (yes/no) were analyzed for each of 
the 14 cells in Table 9. Since this resulted in 42 tables for each year analyzed, only high-level 2000 
results are presented here. Overall results showed that the posted speed limits were generally well-
known, while the traveling speeds were general not known. In a majority of cases, the speeding 
status was listed as not speed related. Given the relatively low status of speeding as a contributing 
factor, this finding is not surprising. Tables 27 through 29 present the overall results for 2000. Due 
to rounding errors in rounding to the nearest 1,000, the total number of crashes shown in this 
subtask is slightly different than in Table 9. 
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Table 27. Frequency and Percentage of Posted Speed Limits for All CP Crash Types and 
Severity Levels for Light Vehicles Cited With Violations, 2000 GES. 

Posted Speed Limit Frequency Percent 
70 * * 
65 1,000 0% 
60 * * 
55 14,000 4% 
50 9,000 2% 
45 46,000 12% 
40 43,000 0 
35 87,000 22% 
30 58,000 15% 
25 53,000 14% 
20 3,000 1 % 
15 1,000 0% 
10 * * 
5 * * 

Not Posted 6,000 1 % 
Unknown 65,000 17% 

Total 387,000 100% 

Table 28. Frequency and Percentage of Traveling Speed for All CP Crash Types and 
Severity Levels for Light Vehicles Cited With Violations, 2000 GES. 

Traveling Speed (mph) Frequency Percent 
66 and greater * * 

61-65 * * 
56-60 * * 
51-55 1,000 0% 
46-50 1,000 0% 
41-45 6,000 2% 
36-40 7,000 2% 
31-35 12,000 3% 
26-30 9,000 2% 
21-25 12,000 3% 
16-20 10,000 3% 
11-15 20,000 5% 
6-10 33,000 9% 
1-5 26,000 7% 

Stopped 1,000 0% 
Unknown 247,000 64% 

Total 387,000 100% 
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Table 29. Frequency and Percentage of Speeding Status for All CP Crash Types and 
Severity Levels for Light Vehicles Cited With Violations, 2000 GES. 

Speeding Status Frequency Percent 
Yes (speeding) 11,000 3% 

No (not speeding) 361,000 93% 
Unknown 16,000 4% 

Total 387,000 100% 

Findings from Subtask 1.6 include the following: 
• Posted speed is well-known in almost all cases (83% known). 
• Traveling speed is not as well-known (64% unknown). 
• Most CP crashes with violations are not speed-related (93% not speed-related). This 

conclusion is a confirmation of the Subtask 1.5 findings regarding speed. 
• Overall, speed does not seem to be an important factor in CP crashes with violations. 

 
 
SUBTASK 1.7 INFRASTRUCTURE CHARACTERISTICS IN CROSSING-PATH 
CRASHES AT SIGNALIZED INTERSECTIONS 
 
The final set of database analyses for Task 1 used GES to determine the number of travel lanes 
and the trafficway flow for the first harmful event in a CP crash with violation at a signalized 
intersection. This data could then be used along with other GES intersection infrastructure data to 
characterize the size and nature of the crash intersection infrastructure. This analysis was 
completed for each signalized cell of Table 9, but again, only the high-level results for 2000 are 
presented in Table 30. 
 

Table 30. Percentage of Infrastructure Types for Light-Vehicle Drivers Cited With 
Violations at Signalized Intersections (out of 203,000 crashes of this type from Table 9), 

2000 GES. 
Number of lanes Undivided Divided One-Way Unknown Total 

1 * 1% * * 1% 
2 12% 10% 1% 1% 24% 
3 6% 13% 1% 1% 21% 
4 12% 6% 1% 1% 19% 
5 13% 1% 0% 0% 15% 
6 2% 1% 0% 0% 3% 
7 2% 0% * * 2% 

Unknown 3% 3% * * 15% 
Total 49% 36% 4% 11% 100% 

Findings from Subtask 1.7 include: 
• 45-50 percent of crashes occurred on undivided roadways. 
• 35-40 percent of these crashes occurred on three- and four- lane roadways. 
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CONCLUSIONS FROM TASK 1 

Subtask 1.1 showed 1,698,000 CP crashes for 1999. Given an estimated 6,271,000 crashes of all 
types in 1999, CP crashes accounted for 27.1 percent of all the crashes. In 2000, there were 
1,667,000 CP crashes out of an estimated 6,389,000 crashes (26.1%). Analysis of the overall CP 
crash problem in Subtask 1.1 showed: 

• Left-turn crashes make up the majority (about 52%) of CP crash types. 
• Straight CP crashes were the next most prevalent (30-35%) 
• Other CP crash types include right-turn crashes (about 6%) and unknown (7-11%). 

 
In terms of maximum injury severity, PDO crashes made up the majority of CP crashes at 
approximately 56 percent, followed by injury crashes (including fatality crashes) at 
approximately 39 percent. About 5 percent of crashes had unknown severities. 
 
In Subtask 1.2, the variable for TCD was introduced. TCDs were divided fairly evenly between 3-
color signals and stop signs. In terms of crash severity, CP crashes occurring at 3-color signalized 
intersections were fairly evenly divided between PDO (50%) and injury crashes (46%; the 
remainder were unknown). Stop-sign CP crashes had more PDO crashes (58%) than injury crashes 
(39%; the remainder were unknown). 
 
Subtask 1.3 looked at stop-sign crashes in greater detail and found that stop-sign CP crashes in 
which only one vehicle had a stop sign were four or five times more prevalent than crashes in 
which both vehicles had a stop sign. 
 
Subtask 1.4 identified the crash population of light vehicle drivers cited with violations. This 
analysis utilized 1999 and 2000 GES datasets containing new variables with vehicle-level data on 
pre-crash maneuvers for signalized-intersection crashes and cited violation types for all CP crashes. 
Those citation types deemed most amenable to the ICAV countermeasures were speeding, reckless 
driving, failure to yield right-of-way, and running a stop sign or traffic signal. For 1999, 63 percent 
of all 3-color signal CP crashes with these violations involved a straight pre-crash maneuver by the 
violating vehicle; for 2000, the percentage was 53 percent. For stop-sign crashes, drivers in the 
one-stop-sign case were more likely to be cited than drivers in the two-stop-sign case. 
 
Subtask 1.5 attempted to understand the primary contributing factors for cited CP crashes, along 
with related environmental and roadway factors. A factor priority scheme was used to examine 
each variable in turn. Among all crash types and injury levels, driver distraction and inattention 
was the largest primary contributing factor, at 37 percent. Driver’s vision obstructed was 
indicated in about 10 percent of crashes. For environmental and roadway factors, weather was the 
largest at 13 percent, followed by road surface at 4 percent. 
 
Subtask 1.6 examined speeding behavior in cited CP crashes, including the distributions of 
posted speed limits, traveling speed (when known), and whether or not the crash was speed 
related. A large majority (93%) of CP crashes with violations are coded as “not speed related.” 
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Subtask 1.7 explored the infrastructure characteristics (including trafficway flow and number of 
lanes) for signalized-intersection, CP crashes with violation citations. Results showed: 

• 45 to 50 percent occurred on undivided, two-way roadways. 
• 35 to 40 percent occurred on 3- and 4-lane roadways. 

 
Although an ICAV-target crash population could not be defined and determined with specificity in 
Task 1 based on GES variables, populations likely to be addressable by the countermeasure 
concept were identified as part of Subtask 1.4. An estimated 261,000 light-vehicle crashes in 1999 
and 162,000 in 2000 occurred at intersections where one of the two vehicles had a stop sign and the 
driver was charged with a violation. There were an estimated 133,000 crashes in 1999 and 99,000 
crashes in 2000 involving traffic-signal violations. These crash populations could be target crashes 
for ICAV. 
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TASK 2: LITERATURE REVIEW 

Intersection CP crashes account for approximately 25 percent of all police-reported crashes in the 
United States each year. They also account for 27 percent of all crash-caused delays and for over 
$47 billion in costs (see Task 1 results from this report). Given this impact, the Department of 
Transportation has expended considerable effort in developing methods to reduce the numbers and 
severity of intersection crashes. Within the DOT, the Federal Highway Administration has 
approached the problem from the infrastructure perspective, while the National Highway Traffic 
Safety Administration has taken the lead from the vehicle perspective. 
 
This literature review represents one small subtask in a multi-pronged NHTSA initiative 
examining ways to reduce intersection crashes by integrating Intelligent Transportation System  
components into vehicles. A major factor in solving the intersection crash problem is that many 
intersection crashes result from violations of either a stop sign or traffic signal. One approach is to 
prevent violations from occurring, thus reducing the number of crashes; such an approach is taken 
in current research efforts. Other research efforts, such as crash-avoidance strategies, are focused 
on different aspects of the problem. This literature review supports the violation avoidance 
approach by outlining the problem-size description for intersection crashes, the general causal 
factors for the intersection crashes of interest, the countermeasures previously attempted for this 
problem, and other considerations. 
 
 

INTERSECTION CRASH PROBLEM DESCRIPTION 

Volpe/NHTSA Multi-Year Effort 
The potential for effective countermeasure development aimed at reducing all crash types has 
commanded much attention and resources for research. In the mid 1990s, NHTSA’s Office of 
Crash Avoidance Research joined with the Volpe National Transportation Systems Center (a 
subset of the Research and Special Programs Administration) to further investigate possibilities. 
These agencies undertook a 3-year project to thoroughly outline the individual problems 
associated with nine common crash types. Extensive database analysis was used to develop ITS 
Collision-Avoidance System concepts and algorithms for each type. The steps employed in these 
target crash analyses are as follows (Najm et al., 1995): 

1. Baseline problem sizes and characteristics were described from the GES and the FARS. 
2. Target subtypes and causal factors were identified via individual case investigation. This 

involved clinical review of past case files, thus the findings from this type of analyses may 
not be generalizable to the full population of crossing-path crashes. 

3. Countermeasure concepts and their subtype-dependent functional requirements were 
developed using causal factors. 

4. Kinematic models for timing algorithm development were derived. 
5. Sensitivity curves were developed from the models showing time/distance requirements 

for alarm activation. 
6. Effectiveness estimates were made by matching countermeasure concepts with functional 

requirements. 
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7. Further research needs were identified. 
 
Of the crash types targeted in these studies, three occur in intersections: Signalized Intersection, 
Straight Crossing Path; Unsignalized Intersection, Straight Crossing Path; and Intersection, Left 
Turn Across Path. This report discusses in detail the findings for each of these crash types. This 
approach results in a comprehensive description of each crash type, although it also results in a 
separation of topics to some degree (i.e., the topic of causation is initially discussed for each 
specific crash type rather than discussed in one location for intersection crashes in general). 
 
 
Intersection Crossing Path Statistical Analysis 
Wang and Knipling (1994) investigated all three (LTAP, UI/SCP, and SI/SCP) types of CP 
crashes and their relationships to one another. In 1991, there were 1,803,000 CP crashes, 
amounting to 29.5 percent of all police-reported crashes. These crashes resulted in 1,082,000 
injuries, 144,000 of which were either fatal or incapacitating to those involved. (A vehicle can be 
expected to be involved in 0.25 CP crashes in its operational life.) An estimated 2,224,000 CP 
crashes occurred that were not police-reported, causing an estimated 26.7 percent of all crash-
caused delay to drivers of involved vehicles and to other drivers delayed by congestion resulting 
from the crash. Of the three CP subtypes investigated, UI/SCP crashes accounted for the highest 
percentage (10.2%) in 1991, followed by LTAP crashes (6.8%), and SI/SCP crashes as the least 
common but still a significant portion of the total (4.2%). More than 3.5 million vehicles were 
involved in CP crashes in 1991, which accounts for around one-third of the vehicles involved in 
all crashes combined. Table 31 presents the number and percentages of CP crashes for 1991. 
 
Table 31. Incidence and Percentage of Intersection Crossing-Path Crashes in 1991 Based on 

GES Data. 

Crash subtype Incidence in 1991 Percentage of all crashes in 1991 
UI/SCP 621,000 10.2% 
SI/SCP 260,000 4.2% 
LTAP 413,000 6.8% 

Other ICP 509,000 8.3% 
Total ICP 1,803,000 29.5% 

All Crashes 6,110,000 100% 

Wang and Knipling (1994) found that almost all CP crashes (98.8%) involved a passenger vehicle 
as at least one of the involved vehicles. The motorcycle crash-involvement rate per 100 million 
vehicle miles traveled (VMT) was about twice that of passenger vehicles (351.3 versus 173.8 for 
passenger vehicles per 100 million VMT). Crash involvement rates were highest for younger 
drivers (15 to 19 years of age), second highest for drivers aged 75 and over, and lowest for 
middle-aged drivers (roughly 25 to 64 years old). 
 
Twice as many CP crashes occurred in the afternoon/evening traffic peak (15:31 to 18:30) than 
during the morning peak (6:31 to 9:30) (Wang and Knipling, 1994). More crashes occurred on 
Friday, the least on Sunday, with other days very near equal. Weekends and weekdays differed 
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slightly in time distribution due to the higher frequency of late-night and early-morning crashes on 
weekends. 
 
In regard to roadway characteristics, Wang and Knipling (1994) found that slightly fewer than 
75 percent of crashes occurred on non-divided highways, fewer than 25 percent on divided 
highways, and the remainder on one-way trafficways. Known values for travel lanes showed 
that almost half occurred on 1 or 2-lane roadways, about a third on 3 or 4-lane roadways, and 
almost 15 percent on roadways with five or more lanes. Most crashes occurred on straight and 
level roads. The majority of crashes occurred on dry roadways in daylight with no adverse 
weather conditions. The three intersection types (signalized, stop-sign, and no control [such as 
driveway to road]) had roughly equal crash frequencies. Most crashes occurred where posted 
speed limits were 56.3 kph (35 mph) or less, which is consistent with the urban locations in 
which most crashes occur. Most crashes involved property damage only (64.9%) and very few 
involved alcohol (4.4%). Crashes were incapacitating 5.5 percent of the time and resulted in a 
fatality 0.3 percent of the time, which caused a substantial 144,000 fatal or incapacitating 
injuries. 
 
Going straight was the most common pre-crash maneuver, at slightly more than 50 percent, with 
turning left the next frequent, and passing the least common (Wang and Knipling, 1994). The front 
of the vehicle was the most common point of initial impact, but the driver side and the passenger 
side were also impacted with significant frequency (about 25% each). Only one-third of drivers 
were charged with violations, most commonly failure to yield, and only 1 percent was charged 
with alcohol/drug violations. Drivers 65 and older were charged with failure to yield twice as often 
as drivers age 25 to 64, relative to their involvement. 
 
Wang and Knipling (1994) reported that age and sex crash frequencies varied according to whether 
the number of vehicle-miles traveled (VMT, the resulting crash frequency indicator was called 
Crash Involvement Rate) or the number of licensed drivers (resulting crash frequency indicator: 
Crash Involvement Likelihood) was measured. For both sexes, the age group with the highest crash 
involvement rate was 15-19 years. The age group with the lowest rate for males was 55-64 years 
and 25-54 years for females. Female Crash Involvement Rates were higher than those of males in 
every age group, while the Crash Involvement Likelihood was higher for males than females across 
all age groups. This counterintuitive ratio can be explained by the fact that a given number of 
females drive fewer miles than the same number of men, but they become involved in a 
comparable number of crashes. (For example, if 10 females get involved in 2 crashes and 10 males 
get involved in 4 crashes, male likelihood would be higher, not taking into account how far each 
driver drove. However, if the 10 females drove a total of 1,000 miles with 2 crashes and the 10 
males drove 10,000 miles with 4 crashes, the females would have more crashes per mile than the 
males. Their rate per mile would be higher, but their involvement per driver would be lower.) A 
comparison of involvement rates and involvement likelihoods by age and sex shows that older 
women have a low likelihood but a high rate, meaning that older women drive fewer miles but are 
disproportionately involved in more crashes per mile. 
 
Wang and Knipling (1994) defined a critical event as an incident that occurs to make a crash 
imminent (a causal event). These authors indicate that roughly the same percentage of causal 
events involved the subject vehicle (SV) entering the principal other vehicle’s (POV) lane as 
involved the POV entering the SV’s lane. No corrective action was attempted by a large 
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majority (87.6%) of drivers, but of those who did, the most common action was braking or 
slowing (4.6% of total crashes). Steering in either direction with or without braking was 
minimally represented. However, note that the GES tends to underestimate the “no corrective 
action” category. 
 
 
Unsignalized Intersection/Straight Crossing Path 
Chovan, Tijerina, Pierowicz, and Hendricks (1994) investigated stop-sign intersection-collision 
statistics for SCP crashes. These are defined as crashes in which two vehicles, one with right-of-
way and one without, cross one another’s paths perpendicularly in an intersection and collide. An 
analytic model of behavior at stop-sign intersections provides insight into possible driver-related 
contributing factors such as unawareness, unawareness related to visual obstruction, 
misunderstanding signs, failure to anticipate surprise braking by the lead vehicle, and failure to 
recognize hazards in cross traffic due to either inattention, misperception, or failure to recognize a 
threat. 
 
Chovan, Tijerina, Pierowicz et al. (1994) analyzed NHTSA’s GES database from 1991. Six percent 
(375,000) of all police-reported crashes in 1991 were UI/SCP crashes. An estimated 436,000 were 
never reported, together causing upwards of 16 million hours of crash-caused delay (including 
delay to non-involved vehicles caught in the resulting traffic congestion). The crash dynamics 
investigated in this report are very similar to the situation when two vehicles approach one another 
perpendicularly at an unsignalized intersection and one turns left across the path of the other. 
Including those crashes, this report applies to a total of 621,000 reported and 743,000 unreported 
crashes in 1991, strongly justifying countermeasure-development efforts. 
 
While 74 percent of unsignalized-intersection crashes occurred on dry pavement (Chovan, 
Tijerina, Pierowicz et al., 1994), a significant percentage (~25%) occurred on wet or snowy 
pavement (1% were not classified). Furthermore, since no estimate of exposure is easily 
obtainable for these distributions, it is impossible to determine the level of risk represented by 
these statistics. Thus, while initial algorithm development might focus on dry conditions, other 
pavement conditions should be considered in later iterations. Drivers involved in either struck or 
striking roles were usually younger than 55 years old. Most collisions occurred at posted speeds 
of 74.2 kph (45 mph) or less since the majority took place in urban areas where speed limits tend 
to be 40.2 to 56.3 kph (25 to 35 mph). 
 
The identification of contributing factors is simplified by a model of the steps ideally taken by 
the driver negotiating a stop at a stop-sign intersection. Chovan, Tijerina, Pierowicz et al. (1994) 
define those steps as follows: 

1. Detect the presence of the intersection. 
2. Correctly identify signage. 
3. Anticipate sudden deceleration of lead vehicle(s). 
4. Detect the presence of cross traffic. 
5. Recognize crash hazards posed by cross traffic, perhaps by estimating the speed, 

acceleration, and distance of the approaching vehicles. 
6. Watch for and anticipate other traffic or pedestrians that may cause a cross-traffic vehicle 

to suddenly stop in the SV’s path. 
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7. Identify visual obstructions and attempt to overcome them. 
8. Stop the vehicle. 
9. Estimate when it is safe to proceed through the intersection. 

 
Chovan, Tijerina, Pierowicz et al. (1994) applied this model to a detailed analysis of 100 well 
documented crash records from the Crashworthiness Data System and then applied severity 
weightings based on GES cases of the same crash type. Chovan, Tijerina, Pierowicz et al. defined 
the SV as the vehicle without the right-of-way in any crash scenario and the POV as the vehicle 
with the right-of-way. Using these definitions, the 100 analyzed crashes fell into two categories. In 
subtype 1 the SV ran the stop sign, a behavior frequently caused by either inattention (56.4%) or 
obstructed vision (18.7%). In subtype 2 the SV stopped before proceeding across the intersection 
at an inopportune time, usually an occurrence involving faulty perception (81.7%) as well as 
obstructed vision (14%). In either subtype the POV is equally likely to be coming from the right or 
the left. These findings strongly suggest that driver unawareness of an upcoming hazard is a major 
factor in these crashes, which indicates that an alerting CAS could be highly beneficial. Whether to 
warn the SV, the POV, or both vehicles, however, remains an issue for discussion and 
investigation, and depends on the type of crash being studied and the specific characteristics of 
such a crash. 
 
 
Signalized Intersection/Straight Crossing Path 
According to Tijerina, Chovan, Pierowicz, and Hendricks (1994), SI/SCP crashes occur when the 
path of the SV without the right-of-way intersects perpendicularly with the path of the POV (which 
does have the right-of-way) in a signalized intersection. Possible sources of driver error are 
inattention to the presence of the intersection, inaccurate detection or interpretation of the signal 
status, time-estimation errors associated with signal status, lack of detection of cross traffic, and 
problematic visual obstructions. 
 
Like Chovan, Tijerina, Pierowicz et al. (1994), Tijerina et al. (1994) analyzed NHTSA’s GES data 
from 1991. Signalized intersection, straight-crossing-path crashes accounted for 3 percent 
(203,000) of the police-reported crashes in 1991. An additional estimated 200,000 crashes were 
never reported, together causing upwards of 18.1 million hours of crash-caused delay (4% of the 
total delay from all crashes in 1991), including delay to non-involved vehicles caught in the 
resulting traffic congestion. The crash dynamics investigated in this report are very similar to 
crashes in which two vehicles approach one another perpendicularly at a signalized intersection and 
one turns left across the path of the other. 
 
Initial algorithm development should assume good traction for braking models because 79 
percent of these crashes occurred on dry pavement, 19 percent on wet pavement, and only 2 
percent in snowy or icy conditions. Good weather and lighting conditions were the predominant 
environmental characteristics. The proportion of elderly drivers involved in these crashes was 
higher than the overall proportion of elderly drivers, indicating this population is worthy of 
attention. Vehicle travel velocity was unknown in 71 percent of the cases but was estimated to be 
56.3 kph (35mph) or less for the majority of vehicles, which probably reflects roadway speed 
limits. 
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Tijerina et al. (1994) identified the steps ideally taken by the driver negotiating the crossing of a 
signalized intersection as follows: 

1. Detect the presence of the intersection and slow down. 
2. Detect and correctly identify the status of the signal. 
3. If the light changes from green to yellow, estimate if there is time to cross safely. 
4. Anticipate sudden deceleration of lead vehicle(s). 
5. Detect the presence of cross traffic. 
6. Recognize crash hazards posed by cross traffic, perhaps by estimating the speed, 

acceleration, and distance of the approaching vehicles. 
7. Identify visual obstructions and attempt to overcome them. 
8. Watch for and anticipate other traffic or pedestrians that may cause a cross-traffic vehicle 

to suddenly stop in the SV’s path. 
 
Tijerina et al. (1994) performed a detailed analysis of 50 well-documented crash records, using 37 
cases drawn from the 1992 CDS and 13 from 1991 GES data. All 50 crashes were similar in that 
the violating SV driver was unaware of or disregarded the signal and entered the intersection, 
resulting in a collision with the POV, which obeyed the signal and had the right-of-way. 
Although it never had the right-of-way, the SV could be the struck or striking vehicle, according 
to the specific scenario. The SV speed tended to be close to the surrounding speed limit, 
suggesting that the driver did not attempt to stop. 
 
Causal factors were difficult to glean from the data because they were after-the-fact crash 
reconstructions. Interviewed drivers, for example, might have been motivated to avoid admitting 
culpability. Based on these data, the authors reported that 39.4 percent of the SI/SCP crashes 
occurred because of deliberate violation of the signal, of which 23.2 percent “failed to obey signal” 
and 16.2 percent “tried to beat signal.” About 41 percent of the crashes were attributed to driver’s 
lack of awareness, due either to inattention (36.4%) or vision obstruction (4.3%). 
 
The different types of deliberate violation might be differentially influenced by an alerting CAS. 
Those who tried to beat a yellow signal (16.2%) might not do so if they knew that there was not 
sufficient time to succeed. This behavior has been extensively studied with respect to the presence 
of dilemma zones in intersections, defined as sections of the intersection approach where the driver 
can neither stop comfortably in time nor accelerate enough to clear the intersection (Gazis, 
Herman, and Maradudin, 1960). Drivers who tried to beat the yellow signal were likely in this 
dilemma zone at the time of the yellow-to-red signal change; an in-vehicle warning might improve 
dilemma-zone decision making by drivers. The drivers who directly ran the red light (23.2%) might 
not do so if they were aware of the presence of cross-traffic. Driver unawareness due to inattention 
or obstructed vision (40.7%) could be strongly influenced by a CAS alerting the driver to the 
hazards at hand or by making the driver aware of hazards he or she could not see. The remaining 
three factors, driver intoxication, vehicle defects, and other circumstances, are general in nature, so 
their solutions are not specific to the SI/SCP crash etiology. 
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Left Turn across Path 
Chovan, Tijerina, Everson, et al. (1994) define LTAP crashes as collisions occurring in any type 
of intersection when the SV turns left into the path of the oncoming POV (proceeding in an 
opposite but parallel direction) and either strikes or is struck by it. Possible sources of driver error 
for this crash type include misjudging the speed of cross traffic, gap, visual obstructions, other 
factors causing unawareness, and intentional signal violation. 
 
Chovan, Tijerina, Everson et al. (1994) analyzed GES data from 1991 and found that LTAP crashes 
accounted for 7 percent (413,000) of the police-reported crashes in 1991. An additional estimated 
462,000 low-severity (PDO) crashes were never reported, together causing upwards of 37 million 
hours of crash-caused delay (4% of the total delay from all crashes in 1991), including delay to 
non-involved vehicles caught in the resulting traffic congestion. The proportion of LTAP crashes 
occurring at signalized versus unsignalized intersections was nearly equal (51.2% and 48.8% 
respectively). Like SI/SCP and UI/SCP crashes, the majority of LTAP crashes occurred in good 
weather, pavement, and lighting conditions and predominantly involved drivers under the age of 
54, although elderly drivers were over-represented when compared to the proportion of the general 
driving population that they represent. Most of the SVs (59%) were traveling less than 10 mph, 
likely due to the need to decelerate in order to turn safely. 
 
Countermeasure design is facilitated by pairing driver tasks with possible driver errors that may 
be prevented while performing the task. Chovan, Tijerina, Everson et al. (1994) identified the 
following tasks and corresponding errors, in chronological sequence: 

1. Intersection approach: driver may be unaware of intersection or its geometry. 
2. Signal: driver may not activate turn signal. 
3. Decelerate: driver may not slow down enough to process critical information accurately. 
4. Perceive traffic-control device: driver may be unaware of TCD entirely or may not know 

signal characteristics (i.e., phase timing). 
5. Heed TCD: driver may not perceive TCD characteristics accurately. 
6. Perceive signal color: driver may not know status (flashing/steady, color) of signal. 
7. Respond appropriately to signal color: driver may not behave correctly according to the 

signal color. 
8. Observe cross/oncoming traffic: driver may be unaware of approaching vehicles. 
9. Judge oncoming traffic gap: driver may misjudge oncoming traffic gap. 
10. Judge cross traffic gap: driver may misjudge cross traffic gap. 
11. Edge into traffic to see around obstruction and confirm clearance: driver may not be 

aware of visual obstruction or may edge too much into traffic. 
12. Check anticipated pathway of SV: driver may not check own pathway or may 

misperceive objects (people, vehicles) in it. Driver may not correctly anticipate the 
behavior of other traffic. 

13. Adjust vehicle turning velocity: driver may turn too slowly or too quickly to clear the 
intersection safely. 

14. Complete the left turn: driver may stop in the intersection without finishing the turn. 
 
Chovan, Tijerina, Everson et al. (1994) performed a detailed analysis of 154 well-documented 
crash records drawn from the 1992 CDS. The SV was the struck vehicle in a majority of 
signalized and unsignalized intersection collisions (76.3% and 81.1% respectively). The posted 
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speed limit was 56.3 kph (35 mph) or more in most cases. The SV slowed but did not stop before 
turning in 71.6 percent of cases, whereas it came to a complete stop before proceeding into the 
intersection for the remaining 28.4 percent. Drivers were unaware of the oncoming vehicle in 49 
percent of these crashes, and 30 percent misjudged the velocity/gap of the oncoming traffic. Signal 
violation was a causal factor in 15.4 percent of LTAP crashes at signalized intersections. Other 
factors included attempts to “beat” the other driver and driver intoxication. Faulty perception and 
obstruction of view were the two most common contributing factors, together accounting for 
nearly 78 percent of the LTAP crashes. Obstruction of view was primarily caused by intervening 
vehicles, so a traffic hazard warning could be useful in this situation. 
 
 
Summary of Volpe/NHTSA Multi-Year Effort 
The studies performed by Tijerina et al. (1994), Chovan, Tijerina, Pierowicz et al. (1994), 
Chovan, Tijerina, Everson et al. (1994), and Wang and Knipling (1994) were summarized in a 
synthesis report by Najm et al. (1995) that provided further insight into the general 
characteristics of intersection crashes. The Najm et al. synthesis report took the following 
statistical characteristics into account in crash-type analysis: 
 

• Time of day 
• Lighting condition 
• Atmospheric condition 
• Roadway surface condition 
• Roadway alignment 
• Roadway profile 
• Speed limit – the higher-profile road of the intersection is coded 
• Relation to junction 
• Alcohol involvement 
• Maximum severity – police reported severity of worst-injured person 

 
Integrating results from each subsection’s analyses of GES data, the synthesis study by Najm et 
al. (1995) found that back-in crashes and rear-end crashes are the other crash types most 
associated with an intersection. All CP crashes are most likely to occur between 9:31 a.m. and 
3:30 p.m. (40.2%), followed by 3:31 p.m. to 6:30 p.m. (26.1%) and 6:31 p.m. to 11:59 p.m. 
(16.8%). Of all CP crashes, 77.4 percent occur in daylight, 83.8 percent in good weather 
conditions, 76.2 percent on dry pavement, 98.8 percent with straight roadway alignment, and 
79.5 percent on a level grade. Most result in property damage only (64.6%) while 0.2 percent 
result in at least one fatality. Alcohol is a factor in 3.2 percent of CP crashes, compared to 6.4 
percent of all crashes in the GES database. The speeds of these crashes vary considerably, with 
1.9 percent at 32.2 kph (20 mph) or less, the largest concentration at 56.3 kph (35 mph; 29.5%), 
and 0 percent at 96.6 kph (60 mph) and above. 
 
Najm et al. (1995) performed a comparison of causal factors for all three CP crash types. Causal 
factors are divided into five major categories: driving-task errors, driver physiological impairment, 
vehicle defects, low-friction roadway surface, and reduced visibility. Of the 11 specific CP-related 
factors in those 5 categories, inattention played the largest role in SI/SCP crashes (36.4%) but 
barely affected the LTAP subtype (1.4%). Looked-Did-Not-See was a major factor in UI/SCP 
crashes (36.7%) and a significant factor in LTAP crashes (23.2%); 
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however, this factor affected 0 percent of SI/SCP crashes. Obstructed Vision affected 24.4 percent 
of LTAP crashes and 14.3 percent of UI/SCP crashes but only 4.3 percent of SI/SCP crashes. The 
largest single factor in LTAP crashes was misjudged gap/velocity. Drunk drivers were involved in 
12.6 percent of SI/SCP crashes but had minimal impact on the other two subtypes. Vehicle defects 
were a factor in only 1.6 percent of SI/SCP crashes and were not a factor at all in other crash types. 
Bad roadway surface conditions were a factor in 7 percent of UI/SCP crashes but not others, and 
reduced visibility/glare also had a minimal impact (UI/SCP 1.1 %, LTAP 0.1 %). Violation of 
signal/sign was a factor in 23.2 percent of SI/SCP crashes, 3.4 percent of UI/SCP crashes, and 7.4 
percent of LTAP crashes. 
 
Intentional violations complicate warning development. Deliberate violation occurs because the 
driver’s motivations for traveling through the intersection outweigh the perceived risks or because 
the driver thinks it unlikely that he or she will be involved in a crash. In the first case, a warning 
system is not likely to outweigh the motivations and therefore would be significantly less 
effective. In the second case, informing the driver of a hazardous situation may well change his or 
her course of action, according to Tijerina et al. (1994). 

Other Problem Size Descriptions 
A study done by Grubb (1992) examined driver characteristics in relation to driver behavior in the 
controlled setting of a lab-created roadway-intersection simulation. In this study, 72 participants 
(age 18-74) were measured with a battery of performance tests, administered questionnaires 
related to health and driving history, and exposed to a video display of approaching intersections 
while their responses were measured. Each participant viewed 14 intersections that contained a 
variety of traffic-control devices. Each participant was assessed on variables chosen to reflect 
pedal-response errors, speed of response, and heart-rate reactivity during the driving simulation. 
 
Grubb (1992) had several significant findings. In terms of pedal-response errors, the youngest 
group (18-25 years) made fewer errors than either of the two older groups. Males made fewer 
pedal errors than females, while young males and females made fewer errors than females in the 
two older groups. Concerning speed of response, the youngest group responded faster than the two 
older groups, and males responded faster than females. Younger males and females responded 
faster than females in the two older groups, while young males responded faster than the oldest 
group of males. Analysis of heart-rate reactivity data showed that the youngest group had less 
reactivity than the two older groups, and males had less reactivity than females. Young males and 
females had less reactivity than females in the two older groups and males in the oldest group. 
Males in the middle group (40-52 years) showed less reactivity than females in the highest group 
(62-74 years). 
 
There were several significant results from regressions performed on the individual differences 
variables. Pedal-response error analysis revealed higher error rates for older drivers, females, and 
people scoring higher for the anxiety trait and history of accident involvement. Age accounted for 
the largest amount of variance. Concerning speed of response, earlier final pedal responses were 
made by younger drivers and male drivers, while age accounted for the largest amount of 
variance. Analysis of heart-rate activity data found higher reactivity for older drivers and drivers 
with higher driving-anxiety ratings, poorer general health status, strong field 
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dependency, and poorer depth perception. Age accounted for the largest amount of variance in 
this variable as well. 
 
Najm, Smith, and Smith (2001) performed an analysis of CP crashes, using the 1998 GES database. 
Najm et al. (1995) estimated that in 1998 there were 1.72 million police-reported CP crashes. Of 
these, LTAP crashes accounted for the largest percentage, at 47.2 percent, followed by SCP 
crashes, at 29.9 percent. All other CP crash types accounted for the remaining 22.9 percent. The 
great majority of these CP crashes occurred in intersections (75.1%), followed by driveway/alley 
(21.0%). Overall, 41.6 percent of crashes occurred at signalized intersections, 36.3 percent at stop-
signed intersections, and 22.1  percent at intersections with no controls or other types of controls. 
Finally, higher fatality rates were found for unsignalized-intersection crashes. These results are 
similar to those obtained by Ragland and Zabyshny (2003), who reported that crossing path crashes 
represent 25.0 percent of all crashes and 45.0 percent of all crashes at intersections. These 
researchers also observed different patterns of crossing path crashes based on the type of 
intersection and an over-representation of older drivers in crossing path crashes. 
 
More recently, Campbell, Smith, and Najm (2004) reported on an analysis of fatal crashes resulting 
from signal or stop-sign violations. Signal or stop-sign violations were the cause of approximately 
20 percent of the fatal crashes occurring at these junctions. Failure to yield the right-of-way was 
also an important factor in fatal crashes, representing 13 percent and 23 percent of fatal crashes 
occurring at signalized or stop-sign junctions, respectively. The authors describe other contributing 
factors (e.g., alcohol, inattention) and report analyses based on the surrounding infrastructure and 
the number of vehicles involved, among other factors. Speeding and inattention were substantial 
contributing factors to fatal crashes at intersections, and could potentially be partly addressed by an 
ICAV-type system. 
 
 
Stop-Sign Crashes 
Approximately one-third of the 700,000 police-reported crashes at stop signs every year involve 
injuries (Retting, Weinstein, and Solomon, 2002, 2003). In the year 2000, there were more fatal 
crashes at stop signs (3,424) than at signalized intersections (2,785). In an effort to better 
understand intersection-crash patterns in an urban environment, Retting, Weinstein, and Solomon 
analyzed 1,788 police-reported crashes at stop signs in four U.S. cities. They found that the most 
common crash type in all four cities involved sign violation, amounting to 70 percent of the total 
number of crashes. Drivers claimed to have stopped before entering the intersection in 
approximately two-thirds of violation-related crashes. Compared to these crashes, crashes in 
which drivers failed to stop were more than twice as likely to have occurred at night and were 
also more likely to involve injuries. Drivers were far more likely to run stop signs at cross-type 
intersections (19%) than at T-intersections (4%), but almost half of all crashes occurred at T-
intersections. Disproportionate numbers of young drivers (< 18 years) and older drivers (> 65 
years) were judged to be at fault in stop-sign crashes, and young drivers were particularly 
overrepresented (33%) in violation crashes in which the driver failed to stop. 
 
Retting, Weinstein, and Solomon (2002, 2003) recommend that countermeasure designs take into 
account the fact that most stop-sign crashes occur after the driver has stopped and mistakenly 
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identified a sufficiently large gap in conflicting traffic. Visual obstructions and failure to 
exercise appropriate caution must also be addressed. 
 
RED-LIGHT- AND STOP-SIGN-RUNNING BEHAVIORAL CHARACTERISTICS 
 
A study by Porter and Berry (2001) analyzed the findings of a telephone survey to determine 
self-reported tendencies in red-light running. A questionnaire was administered to a U.S. 
probability sample of 880 licensed drivers, addressing five issues: 

1. The prevalence of violation and how driver characteristics can be used to predict it. 
2. The effect of passengers on likelihood of violation. 
3. The impact of frustration on violation behavior. 
4. The role of consequences in decision-making. 
5. Ideas to reduce red-light running. 

 
The survey results indicated that 1 of every 5 participants (19.4%) had run at least one red light in 
the last 10 intersections he or she had crossed. The only variable that significantly predicted 
violation behavior was age group, with the youngest group (18 to 25 years) having the highest 
rate. Passengers had a significant impact on drivers’ tendencies to run lights: 25.6 percent of 
drivers reported being likely to commit a violation while alone, while only 15.8 percent would be 
likely to commit a violation in the presence of an adult passenger. The presence of children in the 
car dropped the percentage of likely violators to only 4.8 percent. Frustration proved to increase 
the likelihood of other aggressive maneuvers, such as speeding and tailgating, but had little 
impact on red-light running. Regarding consequences, the participants believed on average that 
fewer than 2 of every 10 violators would be caught, and only 5.8 percent had ever been ticketed 
for the offense. Overall, 10.9 percent had been involved in a crash, and the majority believed red-
light running to be dangerous (98.8%) and/or a problem (79.8%). The most commonly suggested 
solutions were increasing enforcement and intensifying public awareness. However, Porter and 
Berry (2001) raise doubts as to the effectiveness of education. For example, survey participants 
already believed such violations to be a serious concern, yet a significant number of them still ran 
red lights. 
 
Porter and England (2000) conducted a study to provide data on the characteristics of red-light 
runners. The data were also used to develop safety programs tailored to modifying the behavior of 
drivers who run red lights. The study took place in three cities in Southeast Virginia and focused on 
six intersections. For this study, participants were defined as drivers who were the last to enter the 
intersections during observed light cycles: specifically, the last driver to cross the intersection bar 
prior to the onset of opposing traffic. Only drivers crossing straight paths or making left turns were 
included. Data collection took place only on weekdays for three out of the six intersections at a 
time (one from each city). Each intersection was observed for a two hour period between 3 p.m. 
and 6 p.m., and each intersection was observed every other weekday to account for changes in 
driving during the week. Driving patterns were observed in various weather conditions. A total of 
5,112 participants were observed during the data-collection phase. Of those, 3,785 entered the 
intersection on yellow or red and were recorded in detail. 
 
Of the 5,112 observed light cycles, 1,798 involved at least one red-light runner (35.2%). The last 
driver entered on yellow in 1,987 (38.9%) of the studied light cycles and on green in 1,327 (26.0%) 
of the cycles. This study also found that drivers who were not wearing seat-belts were 
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1.32 times more likely to run the red light than were safety belt wearers, and non-Caucasians were 
1.19 times more likely to run the red light than were Caucasians. No significant differences were 
found with regard to driver gender. 
 
Pietrucha, Opiela, Knoblauch, and Crigler (1990) performed a study of motorist compliance with 
TCDs, including stop signs and traffic signals. They performed surveys of driver attitude towards 
compliance with TCDs as well as observational studies of driver behavior. For a sample of 120 
typical drivers, 38 percent reported having run a red light at some point in their driving careers, and 
18 percent of these drivers reported doing so at least once a week. For stop signs, 38 percent 
reported running stop signs at some point, with 43 percent running a stop sign at least once a week. 
Pietrucha et al. also looked at chronic violators (those who had received a certain number of 
violation points). For 65 chronic violators, 60 percent reported running a stop sign at some point, 
with 30 percent of these doing so weekly. For red lights, 54 percent of the chronic violators 
reported running red lights at all, with 24 percent doing so on a weekly basis. When asked the 
reasons why they violated, drivers most frequently cited personal reasons (46%) for running red 
lights, while the most common reason for stop-sign running was that the respondents perceived no 
risk in running the stop signs (71 %). Almost identical reasons were obtained for the chronic 
violators. The most common personal reason for running a red light for both groups was “being in a 
hurry.” For stop signs, the low-risk rationale for both groups was that “cross-street volume is low.” 
 
Pietrucha et al. (1990) also performed observational studies at 906 sites scattered throughout the 
country. For red-light running, 156 sites were observed. During the observation periods, 79,055 
vehicles were observed, resulting in 688 violations. Of the violations, the most common type (590) 
was entering on red without a conflict, while 65 were entering on red with a conflict, 24 were 
jumping the signal (entering the intersection before their light turned green, after stopping first) 
without a conflict, and 9 were jumping the signal with a conflict. For violations, the most common 
maneuver was straight crossing path (364), followed by turning left (210) and turning right (114). 
 
For stop signs, 142 sites were observed, resulting in observations of 31,212 vehicles, of which 
21,110 failed to come to a complete stop. The most common scenario for failure to stop was “did 
not stop completely, proceeded without conflict,” for 20,703 cases (commonly referred to as a 
“rolling stop”). There were 407 cases in which the vehicle did not stop completely and proceeded 
with a conflict present, and 327 cases in which the driver came to a full stop but proceeded with a 
conflict present. No driver characteristics were noted as part of the observational study; since this 
was an FHWA study, most of the focus was on infrastructure problems and countermeasures, rather 
than on the drivers. 
 
Another important consideration for CP crashes at signalized intersections is the timing into the red 
light at which these crashes occur. Zimmerman and Bonneson (2005) discuss 63 CP crashes at a 
signalized intersection where a red-light violation was a factor. They found that violations 
occurring more than 5 seconds into the time-into-red are exclusively straight CP crashes, whereas 
violations occurring fewer than the 5 seconds into time-into-red tend to be exclusively LTAP/OD 
crashes. This result suggests that all-red clearance intervals, and even all-red extensions, would not 
completely address the SCP problem, as these red extensions are not likely to last five seconds or 
more. Assuming that most of these late red-light violations are due to 
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driver inattention or unawareness, it is possible to hypothesize that capturing the driver attention 
via a warning might be a feasible method for addressing these late violations. 
 
Research has also been performed to define determinants for CP crashes related to red light 
running (Yan, Radwan, and Birriel, 2005). These researchers found that the risk of a red-light-
running crash was related to seven environmental factors (number of lanes, crash time, weather, 
highway character, day of week, urban/rural, and speed limit), four driver factors (driver age, 
alcohol/drug use, physical defect, and driver residence) and the type of vehicle. In addition, 
several of these factors modulate the effects of other factors (i.e., exhibit an interaction with other 
factors). 
 
The desire to address these problematic behaviors has provided an incentive for the creation of 
guidelines to reduce the frequency and severity of collisions at intersections. One such set of 
guidelines was developed as part of the American Association of State Highway and 
Transportation Officials Strategic Highway Safety Plan (Antonucci et al., 2004); it applies to 
signalized intersections and can be summarized by the following main points: 

• Improve traffic control and operations at intersections. 
• Improve geometrics at intersections. 
• Improve sight distance at signalized intersections. 
• Improve driver awareness of intersections and signal control. 
• Improve driver compliance with traffic control devices. 
• Improve access management near signalized intersections. 
• Improve safety through other infrastructure treatments. 

 
Likewise, as part of the same overall effort, suggestions to reduce collisions at unsignalized 
intersections were also generated (Neuman et al., 2003): 

• Improve management of access near unsignalized intersections. 
• Reduce the frequency and severity of intersection conflicts through geometric design 

improvements. 
• Improve sight distance at unsignalized intersections. 
• Improve availability of gaps in traffic and assist drivers in judging gap sizes at 

unsignalized intersections. 
• Improve driver awareness of intersections as viewed from the intersection approach. 
• Choose appropriate intersection traffic controls to minimize crash frequency and 

severity. 
• Reduce operating speeds on specific intersection approaches. 
• Guide motorists more effectively through complex intersections. 

 
In addition, the FHWA and the Institute of Transportation Engineers have produced a list of 
engineering countermeasures to reduce red-light running (McGee et al., 2003). They suggest that 
while intentional violators will likely be most affected by enforcement countermeasures, 
unintentional violations can be addressed, at least in part, by the introduction of engineering 
countermeasures. These engineering countermeasures could include: 

• Improving signal visibility 
• Improving signal conspicuity 
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• Increasing likelihood of stopping (e.g., make it easier for the driver to stop) 
• Addressing intentional violations 
• Eliminating the need to stop 

 
However, as discussed, these interventions may not be sufficient to completely address the 
problem and/or may be infeasible in some situations. Thus, alternatives such as ICAV-type 
systems are needed. 
 
 
INSIGHTS FROM RED-LIGHT RUNNING CAMERA STUDIES 
 
An increasingly common solution to the problem of red-light running is to implement red-light-
running cameras. However, studies on the effectiveness of these devices in preventing crashes 
have mixed results. For the purposes of this literature review, these studies do provide some 
insight into the proportion of intentional versus unintentional red-light-running behavior, which 
will be helpful in determining the potential effectiveness of violation-warning systems. 
 
McGhee et al. (2002) summarized state-of-the-art research findings from a number of studies 
regarding the effect of red-light-running (RLR) cameras on crash occurrence and severity. 
Comparison of the disparate data reveals that there is no conclusive answer. Some studies show 
significant reductions, primarily in right-angle crashes, while many show no statistically 
significant effect. Several Australian studies show statistically significant increases in rear-end-
collision crash rates when RLR cameras are introduced. While the literature consistently reports 
reductions in violations after the implementation of camera systems, this reduction does not 
consistently extend to crashes. The differing methodologies of the reviewed studies weaken the 
validity of result comparisons; McGhee et al. (2002) argue that no comprehensive and statistically 
rigorous design has provided a conclusive and reliable answer. Some critical issues to be 
addressed include factors that influence the efficacy of the RLR cameras, such as public 
awareness, intersection geometry, duration of the effects, the rate of spillover to other 
intersections, and the impact of the fine amounts in reducing violations. 
 
Similar conclusions were reached on a synthesis study by McGee and Eccles (2003). They found a 
large amount of evidence indicating improvements in intersection safety due to red-light-running 
camera systems. The “halo” effect (i.e., the tendency for signal violations to decrease at un-
instrumented intersections in close proximity to instrumented ones) was also observed. However, 
these researchers conclude that more empirical research is needed to ensure the safety benefits of 
red-light-running camera systems. 
 
A study conducted by Retting and Williams (1996) observed and recorded driver characteristics 
as well as vehicle body style of red-light violators and compliers. This study took place in 
Arlington County, Virginia in 1994 on an 8-lane east/west roadway and a 4-lane north/south 
street. In Virginia, drivers are supposed to stop for a yellow light unless deemed unsafe, but  
those who passed through the yellow light were not considered violators. For the cycles in  
which there was a violator, the last driver to violate the signal was recorded. For the cycles in 
which there was no violator, the first driver to comply or stop was recorded. The following 
criterion was used in the data collection: complying vehicles must have been within 76.2 to  
114.3 m (250 to 375 ft) of the marked zone of the intersection at the onset of the yellow light (the 
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region often referred to as the dilemma zone). Vehicles further than 114.3 m (375 ft) from the 
marked zone were considered too far to pass through the intersection. Vehicles closer than 76.2 m 
(250 ft) to the marked zone were considered to be too close to stop. This implies that vehicles 
within 76.2 to 114.3 m (250 to 375 ft) were equally likely to either violate or comply with the 
signal, and those drivers who complied made a choice to obey the signal. 
 
Retting and Williams (1996) recorded data concerning vehicle type, car make and color, driver 
sex, estimated age, and whether or not a shoulder belt was worn. These data were collected from a 
van parked unobtrusively near the intersection. RLR cameras took pictures of vehicles that entered 
the intersection at least 0.5s after the onset of the red light. Data were collected from 9 a.m. to 5 
p.m. on weekdays when the pavement was dry. 
 
Of the 1,373 observations made by Retting and Williams (1996), 462 were violators and 911 
were compliers. The number of violators is not an accurate representation because of the 
possibility of having more than one violator per cycle. Violators were less likely to wear safety 
belts. They were also over three times more likely to have multiple speeding violations. Contrary 
to other studies, no gender difference was observed between violators and compliers. The 
violation times and percentage of violators is shown in Table 32. 
 

Table32. Percentage of Violators Who Entered the Intersection After Varying Times of Red 
Activation. 

Time after signal turned 
red 

Percentage of drivers who entered the 
intersection 

0.5s – 0.9s 48% 
1.0s – 1.4s 34% 
1.5s – 1.9s 11% 
2.0 s + 7% 
Total 100% 

Several other studies have observed the effects of RLR cameras on violation rates. One good 
example can be found in Retting, Williams, Farmer, and Feldman (1999), who studied these effects 
in Oxnard, California. Fourteen sites were selected; 9 camera sites and 3 non-camera sites were 
chosen in Oxnard, while two non-camera sites were chosen 40 miles outside of Oxnard for control 
purposes. The non-camera sites were chosen based on non-obtrusive camera placement capability. 
A violation was defined as a vehicle entering the intersection at a minimal driving speed of 24.1 
kph (15mph) and more than 0.4s after the light had changed to red. Baseline data were collected 
prior to the warning of the RLR camera installation. 
 
Upon analyzing three to four months of data after RLR camera installation, the researchers found a 
40 percent reduction of violations at camera sites and a 50 percent reduction at non-camera sites in 
Oxnard. The baseline and after-installation data were analyzed using the same definition of a 
violation. There was a significant difference between the reduction rates at the Oxnard sites 
compared with the control sites (i.e., there was no significant change in violation rates at the 
control sites). The average violation rate in Oxnard was reduced by approximately 42 percent, 
which implies that a large percentage of violators were able to alter their behavior and not run the 
red light. This also implies that 58 percent of violations were either unintentional or were 
committed by drivers who were unwilling to change their behavior. More than half of the people
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surveyed as part of this study favored the use of RLR cameras both before and after installation. 
For those who did not favor the cameras, the main reason was privacy concerns. Since in-vehicle 
violation countermeasures would not invade privacy, these concerns would not be present in the 
adoption of such a system. RLR cameras have been estimated in international research to reduce 
violations by 40 percent to 50 percent, but methodological flaws tend to distort results regarding 
the nature of crash effects. Retting, Ferguson, and Hakkert (2002) conducted an analytical review 
of the literature to determine underestimations and overestimations so the true nature of the results 
can be extracted from the whole. 
 
Overestimations tended to involve a failure to adjust for regression to the mean (Retting, 
Ferguson, and Hakkert, 2002). If an intersection is chosen because the number of violations 
occurring there is unusually high for a period of time, some reduction in violation frequency can 
be expected to occur even without intervention. Underestimations tended to occur when nearby 
intersections without cameras were used as a comparison, disregarding the spill-over (or “halo”) 
effect. 
 
Crash-effect studies were categorized into three groups by Retting, Ferguson, and Hakkert (2002), 
depending on whether the methodology addressed regression to the mean, regression to the mean 
and the halo effect, or neither. Researchers who addressed neither topic (group 1) tended to choose 
intersections based on a high incidence of crashes. They also used non-camera sites close to the 
target intersections for comparison, possibly resulting in distortion due to both overestimation and 
underestimation. Studies that addressed regression to the mean (group 2) did so by selecting 
comparable sites for the control group. However, because they failed to account for the halo effect, 
crash reductions were likely to be underestimated. The one study (group 3) with considerations of 
both effects resulted in a crash ratio that was likely to be neither underestimated nor overestimated. 
 
Considering these distortions, Retting, Ferguson, and Hakkert (2002) found that a large halo 
effect does occur. Reductions at nearby non-camera sites were nearly as large as reductions at 
the target intersection. Regression to the mean was partially (but not fully) ruled out because 
similar sites in communities without camera enforcement experienced little change in their 
violation rates—and occasionally even saw a slight increase. Total violation reductions were 
between 22 percent and 78 percent across studies. 
 
The camera/non-camera crash ratios for each study were weighted (by the number of crashes taken 
into account) and averaged. The group of studies that addressed neither the halo effect nor regression 
to the mean showed a statistically significant 39 percent reduction in injury crashes. The group that 
took regression to the mean into account but not the halo effect averaged a nonsignificant 10 percent 
reduction in injury crashes. Results for the study that considered both the halo effect and regression 
to the mean showed a statistically significant 29 percent reduction in injury crashes, which, as 
predicted, lies in between the overestimates of group 1 and the underestimates of group 2. Rear-end 
injury crashes were generally found to increase slightly across the studies, but the drastic reduction 
in right-angle injury crashes more than offset that effect. To reiterate an earlier point, the main goal 
of trying to get at the true value of reduction for red-light-running cameras is to understand the 
percentage of red-light-running behavior that is intentional. Based on the Retting, Ferguson, and 
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Hakkert (2002) analysis, one could assume that this value is around 30 percent (or at least that 30 
percent of drivers change their behavior in the presence of these cameras). However, this estimate 
is based on a single, well-designed study. Further studies of the issue may result in a mean estimate 
that is higher or lower than the one reported by Retting et al. 

DRIVER VEHICLE INTERFACE CONSIDERATIONS 

Past research has identified and examined a considerable diversity of driver-vehicle interfaces. The 
main distinguishing characteristic between these interfaces lies in their use of different warning 
modalities. Three warning modalities are feasible in the context of collision warning: visual, 
auditory, and haptic. Research on each of these modalities and their combinations has typically 
focused on designing to maximize warning effectiveness and to minimize harmful effects. While 
relevant research on DVI development is summarized in this section, the reader is referred to Lee 
et al. (2004, Appendix A) for a more comprehensive overview of the literature reviewed as part of 
this effort. 
 
Visual DVIs were evaluated by Horowitz and Dingus (1992) and McGehee, Dingus, and Horowitz 
(1992). These researchers advocated the use of graphical graded warnings. The timing and 
frequency of these warnings were considered important design considerations because these issues 
could affect driver attention to the warning and/or driver mental workload. While visual collision 
warnings typically take many forms, icons are commonly researched and have been proven to be 
an effective warning mechanism (Yoo, Hunter, and Green, 1996; Nakata, Campbell, and Richman, 
2002; Richman, Campbell, and McCallum, 2002; Sayer, 2002). However, there is an important 
caveat with visual icons used independently of other modalities concerning older drivers: these 
drivers typically need higher warning luminance levels to detect a warning than do younger drivers 
(Davies and Rose, 1996). 
 
Auditory warnings have also been the subject of numerous research efforts (Ben-Yaacov, Maltz, 
and Shinar, 2000; Hurwitz and Wheatley, 2001; National Transportation Safety Board, 2001; Ben-
Yaacov, Maltz, and Shinar, 2002). This modality encompasses three distinct categories of 
warnings: speech, tone, and auditory icons. Speech warnings imply a recording or a synthesized 
voice that repeats a certain word or set of words (e.g., “Warning!”; Baldwin and Moore, 2002). 
Tone warnings use pure tones or combinations of tones to grab the drivers’ attention. Auditory 
icons are also tone based, but the sound is associated with an implicit meaning (e.g., sound of a tire 
screeching or sound of broken glass). Auditory icons have been proven to be very effective 
warning mechanisms, as long as the sounds are relevant to the situation (Graham, Hirst, and Carter, 
1995; Graham, 1999). In general, however, speech is a less effective warning mechanism than pure 
tones or auditory icons (Tan and Lerner, 1995; Lerner, Steinberg, and Perel, 1997). Nevertheless, 
research is inconclusive as to the effects of loudness and frequency and perceived urgency. As with 
the visual modality, the effectiveness of auditory warnings is dependent on appropriate warning 
timing and frequency of occurrence (Lerner, Dekker, Steinberg, and Huey, 1996; Lerner et al., 
1997), and older drivers may require increased stimulus levels (Baldwin, 2002). Auditory warnings 
can be localized, however, which increases the usefulness of the modality in a variety of crash 
situations (Tan and Lerner, 1996; Lerner et al., 1997; Bliss and Acton, 2000). 
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Haptic warnings have taken the form of a brake pulse (Hashimoto et al., 1995), accelerator push-
back (Bloomfield et al., 1998), steering-wheel vibration (Tijerina et al., 2000; Steele and Gillespie, 
2001; Tijerina, 2001), and seat vibration (Zador, Krawchuck, and Voas, 2000). While effective in 
general, the use of these devices has been hindered by the need for special equipment that ties into 
the vehicle’s control mechanism, raising safety and cost concerns. There have also been reports of 
unexpected driver reactions, raising safety concerns. The effectiveness of each of the categories is 
similar, but Tijerina et al. (2000) and Tijerina (2001) suggest that steering-wheel vibration should 
only be used when a steering action should occur. Some of these systems have been developed as 
parts of automatic braking devices with a limited braking authority. 
 
The availability of these various modalities has motivated researchers to combine their use. 
Using this approach, some of the drawbacks of a particular modality can be overcome by using 
one or more additional modalities to warn the driver. The possibility of combining these 
modalities has resulted in several sets of design guidelines for the development of collision-
warning systems. 
 
One of the most comprehensive set of guidelines for visual and auditory modalities is provided by 
Green, Levinson, Paelke, and Serafin (1993; 1995). Basic visual display guidelines include 
placing displays near the line of sight and minimizing the information content of what the driver 
needs to read. Other visual display guidelines are provided in terms of legibility, 
understandability, organization, and content. Auditory display guidelines are organized in terms of 
loudness, discriminability of warning sounds, and synthetic versus recorded speech. 
 
Another set of collision-warning display design guidelines was developed by Campbell, Carney, 
and Kantowitz (1997) and Campbell, Bittner, Pierowicz, and Lloyd (1998). These guidelines 
specify appropriate display types and formats for various information elements and vehicle states. 
These researchers also provide guidelines to estimate message complexity and priority. Head-up 
displays receive particular emphasis in the document because these systems were seen as 
becoming more prevalent. 
 
Design guidelines applicable to a broader collection of displays were developed by Hanowski et 
al. (1999). In general, these researchers suggest that: (1) drivers benefit from the use of 
information devices; (2) drivers can successfully transfer their attention between the road and the 
warning; (3) older drivers tend to be more cautious in using the devices; (4) older driver 
limitations in using the system might be addressed by improvements in system design; and (5) 
auditory cues should be adjustable for intensity. Similar (in scope) guidelines were provided by 
Schumacher et al. (1995), Landau (1996), and Olney, Wragg, Schumacher, and Landau (1996). 
These researchers specify that warnings should draw the attention of the driver to the nature and 
direction of the hazard and that head-up displays are preferred over head-down displays. In 
addition, specific design principles are provided for visual, auditory, and haptic warnings. Lloyd, 
Bittner, and Pierowicz (1996), Lloyd, Barnes, Wilson, and Bittner (1999a), and Lloyd, Wilson, 
Nowak, and Bittner (1999b) also provide similar guidelines, although their focus is on the haptic 
modality. These researchers suggest the following criteria for the selection of a DVI warning 
modality: 

• Benefit all drivers; 
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• Not require specific directional orientation; 
• Be compatible with driver’s response; and 
• Have viable integration with other systems. 

 
COMSIS (1996) developed specific guidelines based on the warning modality and the type of 
crash. While specific design principles are provided in this reference, some general guidelines 
include: 

• Warnings should have multiple levels: the more imminent the crash, the more intrusive 
the warning. 

• Imminent crash warning signals should be unique to minimize confusion and increase 
saliency. 

• Imminent crash warnings should be of at least dual modality. 
• Schemes for warning prioritization must be created. 
• The warning must be compatible with expected driver behaviors (e.g., vibrating the 

accelerator might cause the driver to look down, an undesired and potentially harmful 
reaction). 

• The content of the warning message is mostly device specific. 
• The status indicator of the device (i.e., operational or not operational) must be easily 

available to the driver so that no reliance is made on technologies that are not working. 
• Nuisance warnings must be minimized. 

 
Similarly, Dingus, Jahns, Horowitz, and Knipling (1998) suggest the following guidelines for in-
vehicle warning systems, gathered from various literature sources: 

• Provide redundancy in system design; 
• Draw attention to the emergency situation; 
• Prioritize visual displays by location; 
• Avoid auditory signals for advisory warnings; 
• Avoid speech displays for attentional warnings (use only for emergency); 
• Provide unique warnings; 
• Incorporate intelligence in warning presentation dynamics; 
• Prioritize driver workload and warning (emergency warnings take precedence over 

anything else); and 
• Individualize warnings (e.g., novice versus experienced). 

 
Research on specific combinations of the various modalities is also abundant. Combining auditory 
and visual modalities, McGehee, Dingus, and Horowitz (1994) and Dingus et al. (1997) 
determined that the addition of auditory warnings to visual warnings served to improve driver 
reaction times. This reduction in driver reaction time has been shown to be related to a reduction in 
the time to accelerator release (Lee et al., 1997; Lee et al., 2000; Brown, Lee, and Hoffman, 2001; 
Lee et al., 2002a and 2002b). Similar results were obtained by Belz (1997) and Belz et al. (1998, 
1999) using auditory icons as the auditory display. Shirkey, Mayhew, and Casella (1996) 
determined that a multimodal system using auditory and visual displays was more effective than 
each modality on its own, due to a decrease in the participant’s ability to identify warnings that 
were offered using a single modality. A similar modality combination has also been shown to be 
effective in collision-warning systems for heavy trucks (Tomioka, Sugita, and Gonmori, 1995; 
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Eaton VORAD Technologies, 2000). These benefits can be maximized by using graded and 
dynamic warnings (General Motors Corp. and Delphi-Delco Electronic Systems, 2002a, 2002b). 
 
Combinations of auditory and haptic modalities have also received some attention, especially for 
their use in “automatic” braking systems (Shefer and Klensch, 1973; Society of Automotive 
Engineers, 1974; Troll, 1974). Studies on this combination of modalities have shown that haptic 
warnings, in the form of a brake pulse, can reduce the number of collisions, likely because the 
vehicle is already braking while the warning is provided (Shutko, 1999). This researcher also 
determined that auditory warnings result in faster reaction times than do haptic warnings. 
 
Combinations of the three warning modalities have also been studied. For studies of this nature, 
the determination of a “best” modality has been attempted, but various researchers reach different 
conclusions. For example, Janssen and Nilsson (1992, 1993) determined that the haptic modality 
was the most effective in reducing headways while avoiding the development of other risky 
behaviors (e.g., increases in speed). Perhaps the most visible effort with respect to the design of 
tri-modal collision-warning devices, however, is being performed by the Crash Avoidance Metrics 
Partnership (CAMP 1: Kiefer et al., 1999; Kiefer, 2000). After considerable testing of numerous 
participants, the partnership developed a DVI consisting of a single-stage crash alert consisting of 
the non-speech tone combined with a flashing high head-down display of the visual icon with the 
word “WARNING.” Recent reports by other groups, however, suggest that graded warnings, 
combined with head-up displays, are a better warning mechanism than this original alternative 
(General Motors Corp. and Delphi-Delco Electronic Systems, 2002a). A similar conclusion on 
graded warnings has also been reached by Pierowicz et al. (2000) (see also the review of General 
Dynamics’ work, later in the report). Head-up displays were also effectively used by Zador et al. 
(2000), especially when assisted by a haptic display. Zador et al. found that auditory warnings 
were generally considered the most annoying; however, they were very effective in attracting 
participants’ attention. 
 
Finally, the accelerated development of collision-warning systems, as evidenced by the abundance 
of literature on them, has prompted the International Standards Organization (ISO) to develop a 
standard for the design of these systems (International Standards Organization, 2002). The main 
recommendations in the standard include: 

• Inclusion of at least two separate (i.e., graded) warnings, preliminary collision warning 
and collision warning; 

• Audible and/or tactile modalities should be the primary modalities; visual warnings may 
be used only in addition to one of these modalities; and 

• When a vehicle has more than one warning (e.g., rear and forward collision warning), 
each warning should be clearly distinguishable to the driver. 

 
 
BEHAVIORAL ADAPTATION TO COUNTERMEASURES 
 
Changes to the driving task or driving environment can result in long-term behavioral changes, 
which can be either positive or negative. A study by Ben-Yaacov et al. (2002) showed that safety 
interventions can have positive effects in the long term by educating drivers about safer driving 
strategies. They tested a forward collision-warning system using a laser headway detection 
device programmed to sound an auditory warning beep when temporal headway (the time 
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until the subject vehicle reached the place of the lead vehicle) fell below a specified limit. The 
effects of reliability were investigated by testing subjects at system accuracies of 95 percent, 80 
percent, or 60 percent. After a pre-exposure run with no system, each subject was exposed to one 
of the warning conditions. A last run with no system was performed immediately after these runs 
to test short-term learning effects, and six months later the subjects returned for another run with no 
system to test for long-term effects. 
 
Findings showed that drivers are poor at estimating temporal headway, almost always thinking 
that there is more time available to stop than there actually is. The drivers’ headway estimation 
can be greatly improved by a warning system such as the one investigated by Ben-Yaacov et al. 
(2002). The amount of time spent in the danger zone (defined as less than 1 s temporal headway to 
the lead vehicle) dropped significantly immediately after exposure to the system. 
Surprisingly, the time spent in the danger zone during the follow-up trial six months later did not 
differ significantly from the trial immediately after exposure. One implication of this result is that 
people can learn quickly to alter their behavior safely in response to valid feedback and that this 
learning can be incorporated into the driver’s habitual strategies. The results unexpectedly 
revealed that no significant difference existed among the levels of reliability, so a system whose 
warnings are accurate only 60 percent of the time can be roughly as beneficial as a system with 95 
percent accuracy. 
 
Because drivers tend to overestimate the amount of time available to brake, a system that presents 
valid information about when safe braking should occur can effectively educate the driver to 
change habitual behavior. This effect can be so prominent that Ben-Yaacov et al. (2002) 
recommend that collision-warning systems of this sort be incorporated into driver training programs. 
Even short-term use, when combined with encouragement to continue the safer strategies, could 
lead to significant increases in safe driving behavior. 
 
Other researchers have observed unintended changes in driver behavior with safety interventions 
designed to lessen crash risk. An analysis by Young, Frantz, and Rhoades (2002) summarizes and 
interprets findings regarding the nature and implications of behavioral adaptation. These changes 
in driving strategy tend to result in one of the following: 
 

1) Increased risk-taking 
Safety interventions designed to influence driver decision-making tend to take the form 
of more robust environmental information, as seen in infrastructure changes such as 
paved shoulders, lane widening, and warning signs for curves. All three have been shown 
to result in higher vehicle speed, probably because the driver feels more secure and 
prepared to deal with the consequences of increased risk. Studies also showed that the 
interventions did produce some net increase in safety but less than was expected. 

 
2) No safety alteration, or less benefit than expected 

The same principle of more dangerous behavior negating more favorable conditions 
applies, but in this case the dangerous behavior results in a disbenefit strong enough to 
either significantly reduce or eliminate positive safety effects. For instance, researchers 
have long been concerned that the overall effect of more efficient brakes on road safety is 
actually detrimental. Studies evaluating ABS technology found that the risk of ABS- 
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equipped vehicles being struck from behind is higher due to these drivers’ tendencies to 
drive faster and with less headway. 

 
3) A net decrease in safety regarding the hazard primarily addressed by the 

intervention 
Safety interventions occasionally magnify the exact hazard they were designed to reduce. 
A law mandating the wearing of helmets for motorcycle riders in Nigeria raised the 
frequency of fatalities from motorcycle crashes by more than 150 percent, again owing to 
the increased risk-taking of motorcyclists. 

 
4) A net decrease in safety regarding an associated but secondary and unaddressed 

hazard 
Hazards not directly associated with the safety intervention may also be exaggerated by the 
negative repercussions of behavioral adaptation. If protective gear for one part of a 
machinist’s body is made mandatory for safety purposes, the frequency of injuries to any 
part of the body may actually increase due to the machinist’s increased sense of ease and 
control. 

 
Young et al. (2002) suggest several methods of circumventing the adaptation itself in order to 
prevent unintended negative consequences: 
• Keep the driver unaware of the intervention entirely so no changes in driving strategy 

result. 
• If keeping drivers ignorant of the intervention is not possible, minimize awareness of its 

safety-enhancing effect. 
• If behavior is unaffected by safety concerns in the first place, behavioral adaptation will 

not be a factor in intervention. 
• If behavior is tightly controlled from the start, drivers will likely not alter it in response to 

an intervention. 
 
The complex nature of human behavior makes it difficult to predict how a product will affect 
driving strategy. Young et al. (2002) concluded that product exposure alone will reveal the full 
repercussions of many safety interventions. Consideration of possible long-term behavioral 
adaptation, either positive or negative, was kept in mind throughout the ICAV project. 
 
 
PREVIOUSLY TESTED VEHICLE-BASED COUNTERMEASURES FOR 
INTERSECTION CRASHES/VIOLATIONS 
 
Perhaps the most comprehensive effort to date in creating and evaluating vehicle-based 
countermeasures for intersection violation was performed by General Dynamics (formerly  
known as Calspan, and later as Veridian) in the 1990’s, sponsored by NHTSA. This effort is 
described in detail in a number of reports that General Dynamics submitted to NHTSA and is 
summarized in Pierowicz, Jocoy, Lloyd, Bittner, and Pirson (2000). Since these reports also 
contain information on other intersection-crash countermeasures not directly relevant to the 
intersection-violation scenario, this section summarizes only the relevant data. Special emphasis  
is placed on those sections of the report that describe the generation and verification of 
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performance specifications for the various system components, as this is a primary goal of the 
ICAV project. 
 
Only a portion of General Dynamics’ work in this area was published; thus, it has been difficult to 
obtain some of the preliminary reports describing in detail the development of performance 
specifications. This section summarizes the reports that VTTI was able to obtain. These reports 
include: 
• Pierowicz et al. (1994) - Task 1: Draft Interim Report, Volume 1: Technical Findings 
• Pierowicz and Bollman (1995) - Task 2: Draft Interim Report, Volume 1: Technical 

Findings 
• Pierowicz et al. (1995) - Task 3: Draft Interim Report 
• Calspan/SRL Corporation (1997a) - Task 5: Draft Interim Report, Design of Testbed 

System 
• Calspan/SRL Corporation (1997b) - Task 5: Draft Interim Report, Driver-Vehicle 

Interface (DVI) Design Guidelines 
• Calspan/SRL Corporation (1998) - Task 6: Draft Interim Report, Development and 

Refinement of Testbed Systems 
• Pierowicz et al. (2000) - Task 9: Final Report, Intersection Collision Avoidance System 

Performance Guidelines 
 
To ease the process of referencing these reports, they will be referred to by the task and volume 
(if applicable) numbers throughout this section, rather than by the author list. 
 
The various components of an ICAV system provide logical breakpoints for the discussion of 
General Dynamics’ previous work. These components are positioning (GPS/GIS/mapping), 
computations (algorithm) and sensing, DVI, and communications with infrastructure. An 
additional section on Problem Definition has also been added to discuss General Dynamics’ 
work on supporting the need for an intersection-violation prevention system. 
 
General Dynamics’ work extends beyond the realm of the SCP intersection-crash problem. The 
company developed three different systems: the Driver Advisory System, the Defensive System, 
and the Communication System. The project was also divided into three phases. During Phase I, 
the three systems were conceptualized. Using sensors and vehicle-control systems, the Driver 
Advisory System would be able to detect a collision and to take control of the vehicle as needed to 
avoid the crash (the word “Advisory” seems to be a misnomer for this system, since it does take 
control of the vehicle). The Defensive System would leave control with the driver to alter the 
vehicle’s state after being warned by the countermeasure. The Communication System would rely 
on communication between all vehicles on the road, but this system would require that all vehicles 
be outfitted with special equipment. Phase II of the project involved further design of the first two 
systems, the Driver Advisory and the Defensive System, while Phase III involved constructing and 
testing the Intersection Testbed System. However, only the portion of General Dynamics’ work 
directly relevant to the SCP intersection violation scenario is summarized in this review. 
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Problem Definition and General System Requirements 
The General Dynamics Task 1, Volume I report analyzes in detail the intersection-crash problem 
with the intention of identifying causal factors that define opportunities for intervention. The work 
first identifies intersection-crash configurations using FARS and GES data. The characteristics of 
intersection crashes identified in these databases were then analyzed to determine how the crashes 
occurred. A supplemental analysis of several National Automotive Sampling System 
Crashworthiness Data System cases was also undertaken to determine the causal factors behind 
intersection crashes. The end result of this process was an understanding of the types of crashes 
that occur at intersections and the scenarios and conditions that lead to these crashes. 
 
The Task 2, Volume I report defines four different intersection-crash scenarios and suggests 
possible countermeasures for each. In addition, the functional goals of these countermeasures 
were defined. The SCP intersection-violation case is primarily encompassed in Scenario 3. A 
short description of each scenario follows: 

• Scenario 1: LTAP - no violation of traffic control, POV has right of way, SV is required 
to yield. Approximately 24 percent of intersection crashes fall under this scenario. 

• Scenario 2: Perpendicular Paths - no violation of traffic control, POV has right of way, 
SV is required to stop, entry with inadequate gap. This scenario accounts for about 30 
percent of all intersection crashes, mainly at stop signs. The critical driver error for 
Scenarios 1 and 2 is that drivers did not observe POV, and they misjudged the distance, 
velocity, or actions of the POV. 

• Scenario 3: Perpendicular Paths - violation of traffic control, POV has right of way, SV 
is required to stop. This scenario accounts for the largest percentage, as approximately 44 
percent of all intersection crashes fall under this category. 

• Scenario 4: Premature Intersection Entry - violation of traffic control, POV has right of 
way, SV is required to stop. This scenario accounts for about 2 percent of all intersection 
crashes. 

 
In Task 3, General Dynamics conceptualized possible countermeasures that could be used to 
prevent crashes due to each of the four scenarios. This process was anchored in the development of 
driver models that described the logical flow of a driver’s decision-making process. This process 
also resulted in the definition of initial conceptual definitions of the sensing technologies necessary 
to realize the various countermeasures. As part of this work, some initial outlining of requirements 
was provided. The system had to be adaptable, reliable, controllable, and integrated. The Task 5, 
Volume I report and the Task 6 report expanded on some of these characteristics: 
• Will become active upon activation of vehicle ignition system; 
• Possess indication visible to driver of system functional status; 
• Provide for built-in-test (BIT) of systems upon start-up of host vehicle; 
• Notify driver of acceptable passing of system BIT; and 
• Provide driver means of deactivating system. 

 
In addition, this report provided some environmental requirements: 
• Shall be sealed to allow operation in rain or snow conditions; 
• Shall operate in temperature range as prescribed in SAE J1211; and 
• Shall operate in vibration/shock environment as described in SAE J1211.  

 



 

Positioning 
The Task 3, Volume I report quantified, based on results of simulation work, some initial 
requirements applicable to an SCP intersection-violation prevention system: 
• Determine presence of an approaching intersection 
• Determine traffic control device configuration 
• Measure vehicle position to +/- 9 feet 
• Measure vehicle heading to +/- 1° 

 
Some of these requirements were refined as part of the Task 5, Volume I and Task 6 reports: 
• Longitudinal position tolerance: +/- 3 ft 
• Lateral position tolerance: +/- 3 ft 
• Path bearing tolerance: +/- 2° 
• Steering wheel angular movement tolerance: +/- 1° 

 
The testbed GPS/GIS system was described in the Task 9 report. The system included a GPS 
system, a differential correction receiver, and an on-board map database. A modified map 
database, augmented from NavTech’s original map, contained precise information on the location 
of intersections and the type of signal control at the intersection. The GPS/GIS data was updated 
every 100 msec (i.e., 10 Hz). 
 
To determine the presence of an intersection, an algorithm first determined what roadway node 
was being approached. Once this was determined, the presence of an intersection at that node was 
queried. If the node was an intersection, the warning algorithm was executed to determine the 
adequacy of a warning. A library of NavTech software functions was used to query the map 
database. 
 
General Dynamics produced, in the Task 9 report, a set of guidelines with respect to the 
positioning system. These guidelines suggested that: 

• Position and roadway information update rate of 10 Hz are adequate for Intersection 
Collision Avoidance System – update rates of 1 Hz were tested and found 
inadequate. 

• The time delays associated with accessing the map database were not sufficient to cause 
problems with the processing of countermeasure functions. 

• Positional accuracy of ~3 meters was generally found to be adequate. However, in 
specific cases a greater positional accuracy was found to reduce false alarms in the 
threat-detection system. Thus, verification of this guideline appears necessary. 

• The latency of the data is important in the ICAS and needs careful attention to detail. 
The main problem in this area occurred with a speed data delay of 1.5 sec, corrected via a 
lead filter. 

 
The Task 9 report also specifies some of these guidelines further: 
• Vehicle position accuracy: 3 m (same as available at the time) 
• Intersection location accuracy: 1 m (3 m was available at the time) 
• Vehicle position update rate: 10 Hz (same as available at the time) 
• Accuracy of roadway data elements: >99.99 percent (same as available at the time) 
• Accuracy of roadway shape characteristics: >99.99 percent (same as available at the time) 
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• Accuracy of traffic-control device inventory: >99.99 percent (same as available at the time 
 for the study area) 

• Data latency: <0.1 sec (only 0.3 sec considered necessary) 

Algorithm and Sensing 
The algorithm used by General Dynamics underwent various modifications as the project 
progressed. The Task 1, Volume I report describes a simple kinematic approach for determining 
the range at which a countermeasure would need to begin sensing vehicle behavior to perform 
effectively. This range is a function of distance from the center of the intersection to the stop  
line (Di, in ft), time delays (TD, in sec), vehicle velocity (V, ft/sec), and vehicle braking
acceleration (a, in ft/sec 2) (Equation 1). 

A value of 16.1 ft/sec2 (0.5 g) was assumed for a ;  the time delay was arbitrarily set at 2 seconds. A 
justification for the additional speed-dependent term (i.e., 0.13 V ) is not provided. There are unit-
consistency issues with this equation, and these are resolved in the Task 2, Volume 1 report. The 
revised equation follows (Equation 2). The speed-dependent term was not justified in this report, 
either. 

In addition to the requirements described in the GPS/GIS section, the Task 3, Volume I report 
also quantified several requirements for determining the vehicle’s dynamic status: 
• Measure vehicle velocity to +/- 1 ft/sec 
• Measure vehicle acceleration to +/- 0.1 ft/sec2 (longitudinal) 

The Task 5, Volume I report provided data on prediction methods for driver decision making using 
pedal and steering-wheel actuation, which can be used in the development of initial algorithm 
iterations. Additional algorithm-related data was provided as part of the Task 6 report, in which 
General Dynamics described the results of an experiment to determine normal driver behavior 
when approaching stop-sign intersections. The results show that drivers released the throttle 9.3 s 
(1.21 s SD) before intersection entry, applied the brakes 7.27 (0.91) s prior to intersection entry, 
and activated turn signals 6.6 (1.18) s prior to intersection entry. Steering input did not occur until 
0.8 (0.52) s prior to intersection entry. The maximum longitudinal deceleration used was on 
average 0.20 (0.04) g. However, a very small sample size (19 drivers) was used to generalize 
overall driver behavior. 
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Based on this work, the Task 6 report described the development of the aP metric, which describes 
the acceleration that a driver must obtain from the vehicle’s braking system in order to prevent 
entry into the intersection. No equation for the calculation was provided in the report, but it is 
reasonable to assume that Equation 2 was solved for a. The Task 6 report indicated that five pieces 
of information are needed to calculate aP: presence of the intersection (obtained through on-board 
maps), distance to the intersection (obtained through GPS), traffic control at intersection (obtained 
through on-board maps), vehicle velocity (obtained through the vehicle speedometer), and delay 
times (assumed at 2.0 s, of which 1.5 s are for the driver’s reaction time). The aP metric is then 
compared against a pre-selected threshold, and a warning decision is made. General Dynamics 
tested thresholds of 0.25 g and 0.4 g and identified distinct performance levels, but no threshold 
selection was made. Later General Dynamics work, briefly alluded to in the Task 9 report, 
suggested the use of 0.35 g as an appropriate threshold. 
 
 
Driver Vehicle Interface 
General Dynamics’ Task 3, Volume I report contains some general requirements for warning 
presentation to drivers. These requirements, based on the crash analyses performed by General 
Dynamics, include the availability of multiple warning levels, prioritization of warnings, dual 
modality of warnings, unique imminent crash warning, and minimal nuisance/false alarms. The 
report suggests that information must be presented in two main areas: presence of the intersection 
and type of control device being approached. In addition, haptic displays require the actuation of 
vehicle controls, which can take a significant amount of time. General Dynamics suggests that 
brake controls react within 0.05 s of command signal and throttle controls react within 0.2 s of 
command signal. These requirements were refined in the Task 5, Volume I report to a minimum 
actuator response time of 0.1 sec, with a minimum rated actuator life of 100K cycles. This report 
also provided a detailed description of haptic braking and steering systems that comply with this 
requirement. The Task 9 report, however, described a completely independent secondary braking 
system using hydraulic pressure and additional brake calipers. The reasons for the change in 
approach were not provided in any of the reports reviewed. 
 
The Task 5, Volume I report also expanded on the presentation methods for the visual modality. 
General Dynamics elected to use a head-up display as its initial visual warning indicator, and they 
prescribed a series of requirements for the system, expanded on the Task 5, Volume III report: 

• The HUD displayed a graded warning representing more urgent warning through 
changes in color and the addition of other iconic elements 

• 1.4:1 = Minimum daytime contrast, 2:1 = Minimum nighttime contrast 
• Symbol luminance: daytime – 1,000 fL adjustable down to 10 fL; nighttime – 10 

fL adjustable down to 0.01 fL 
• Size of critical elements: 30 arcmin, minimum 
• Symbol font must be clear and simple 
• Any reasonably visible color may be used for symbols, except highly saturated 

blue 
• Use icons instead of words whenever they have been verified as equally or more 

recognizable and require less display space 
• Other HUD –specific requirements 
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The General Dynamics recommendation was to include a dual modality DVI with haptic and 
visual (HUD) components. 
 
The Task 5, Volume I report and the Task 6 report also described the different warning icons 
used by General Dynamics in their testbed. Of relevance to the current effort were the two that 
contained a signal and a stop sign within four corner lines arranged to represent an intersection. 
The Task 6 report also revised the minimum brightness of the HUD to 1500 fL. 
 
The Task 9 report provided a set of guidelines for the design of an ICAS DVI. The system should 
inform the driver of intersection presence, traffic-control device presence, and system status. In 
addition, General Dynamics suggested two modes of information, advisory/alert and warning, 
depending on the imminence of the violation. In terms of modality, the Task 9 report suggested 
that a DVI modality should: 
• Benefit all drivers; 
• Not require specific directional orientation; 
• Be compatible with driver’s response; and 
• Provide for a viable integration with other crash-avoidance systems and driver-assistance 

systems. 
 
These criteria were used to evaluate the auditory, visual, and haptic modalities, with the conclusion 
that all three modalities should be included because of the unique advantages inherent in each. 
 
In addition to these guidelines, the Task 9 report presented several design goals for an ICAS 
DVI: 
• Minimize the time required by the driver to accurately acquire and use salient 

information from the DVI (direct driver attention to emerging traffic situation); 
• Minimize the requirements for learning to acquire and interpret the modal information 

elements; 
• Provide the potential, where possible, for future expansion of supplementary modal 

information to accommodate the spectrum of the ICAS; and 
• Maximize user acceptance of the ICAS DVI. 

 
These goals were used in concert with the results from experimental studies to develop 
specifications for each of the modalities: 
• Auditory: A 1,000 Hz signal, 20 dB above the dynamic 1 kHz-center frequency level, 

should be temporally coupled with the pulsed braking signal. 
• Visual: Use icons instead of words whenever they have been verified as equally or more 

recognizable and require less display space. The visual angle subtended by either the 
vertical or horizontal dimension or icons should be no less than 30 arcminutes. 

• Haptic: Haptic warning or requirement to stop should be provided by a succession of 
braking pulses (three) of 100 ms with 100 to 200 ms separation periods and each braking 
pulse resulting in a -0.6 m/s velocity change. 
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Communications 
The initial requirement provided by General Dynamics on communications was outlined in the 
Task 3, Volume I report, in which the communications range was required to be a 300-foot radius 
from the center of the intersection. The Task 5, Volume I report still maintained this requirement, 
but expands considerably upon the description of the communications system envisioned for 
application at intersections, in terms of coverage area. This communications system, however, was 
not implemented as part of the testbed (Task 9 report). Thus, the General Dynamics system could 
not warn about an impending signal violation since signal phase and timing information was not 
available on-board. 

Other Systems 
Recent efforts have described ICAV-type systems that have been designed with slightly different 
goals. Huang et al. (2003), for example, described the design aspects of a collision warning system 
addressing perpendicular conflicts. In this situation, however, the system uses the kinematic 
characteristics of vehicles within a wireless network’s range to determine possible collision paths 
and alert the driver as needed. The system does not consider in its calculations the presence of a 
stop sign or traffic signal. The system described by Huang et al. uses GPS data, brake sensor data, 
and GPS data from other vehicles to compute a collision warning algorithm, which determines 
whether the activation of a warning interface is needed. This system can be considered a long-term 
collision warning strategy, since it would require most of the population of vehicles to be 
instrumented with the necessary communications technology. An ICAV system would be directed 
to address a much more specific problem, but would be able to start doing so within the near future. 
 
Moon, Lee, and Park (2003) described a similar system tested in Korea, but with the intention of 
warning drivers who may be caught in the dilemma zone. The vehicle-based system contained 
wireless communications that transmitted signal phase and timing information to the in-vehicle 
integration device, which also had information on the vehicle speed. The integration device 
activated a visual signal and/or auditory tone (beeper) as needed based on the warning condition. 
The authors report some nuisance alarm problems in their approach (i.e., an alarm was provided 
when none was needed). Observed rates of deceleration were also reasonable (< 4.0 m/s2) but the 
authors mention that long reaction times could be a problem, and thus recommend educating 
drivers who would be exposed to the system before they started using it. The authors concluded 
that intersection safety could be improved with such a system but that further studies are needed. 
 
These systems described above provided useful information in determining the initial minimum 
performance requirements for the ICAV testbed. As a whole, these studies of similar systems 
served as a base in the development of the ICAV testbed architecture, the testbed components and 
capabilities, initial algorithm settings, and experimental procedures and constraints. 
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TASK 3: TESTBED DEVELOPMENT AND VALIDATION 
 
Task 3 of the ICAV project required that VTTI develop and validate a testbed for the evaluation 
of signalized and stop-sign-controlled intersection collision avoidance technologies. The validated 
testbed was then formally accepted by the project COTR based on demonstrations and 
presentations conducted in Blacksburg on October 28-29, 2003. 
 
The ICAV testbed was purposefully designed with performance capabilities in excess of those 
required by a deployable system so that minimum system requirements and specifications could be 
determined through systematic detuning and human performance experiments (Lee et al., 2004; 
Perez et al., 2002). The subsystems that make up the testbed, the purpose of each, and the 
technologies used to implement the system are listed in Table 33. 
 
 

Table 33. Components used in testbed. 

Subsystem Purpose, Data Flow Technologies 

Data Acquisition Recorded and time stamped the video and 
System (DAS) experimental measures collected. 

Custom-built system including a 
distributed DAS network, computer, 
and custom software. 

Experimenter 
Interface 

Control the experimental trials, manage data 
collection, and monitor system performance. 

Custom software package and remote 
computer interface accessible to back- 
seat experimenter. 

Infrastructure 
Controller 

Provided accurate and timely information on 
signal phase and signal timing to vehicle through 
the communications subsystem. Controlled the 
intersection signals as directed by the in-vehicle 
experimenter. 

Custom-built controller (entirely 
custom-built, not an interface with an 
existing controller) 

Communications 

Vehicle broadcast information about upcoming 
experimental trial such as desired signal phase 
timings to the Infrastructure. Infrastructure 
broadcast the current signal phase and signal 
timing to the vehicle. 

Simulated DSRC 
with custom-built message content 
and structure. 

Vehicle Sensing 
Provided data on vehicle’s presence, range, range- 
rate, acceleration, and pedal positions. Sent data 
to the algorithm processor and the DAS. 

Differential GPS, In-vehicle 
Accelerometer, accelerator/brake 
pedal and steering wheel 
potentiometers 

Algorithm 
Processor 

Integrated data from the various sensing sources 
available; determined warning state. Custom-built algorithm 

Driver-Vehicle 
Warning 
Interface 

Provided warning to driver with respect to 
imminent stop sign or signalized intersection 
collisions; received warning mode from algorithm. 

In-vehicle Visual Display, In-vehicle 
Auditory Display, In-vehicle Haptic 
(Braking) Systems 

Figure 2 shows a schematic of the ICAV testbed and the data flow to and from the various system 
components. The driver controlled the test vehicle with inputs measured by vehicle-based sensors 
that transferred data to the DAS as well as the algorithm processor. The DAS and algorithm 
processors also received signal phase and timing information from the infrastructure. From an 
interface located in the back seat, an experimenter managed the data collection (through 
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the DAS) and experimental trials (through the algorithm processor). The infrastructure controller, 
in turn, controlled the light behavior as requested by the algorithm processor. When appropriate, 
the algorithm processor activated the countermeasure. Data was transferred to the DAS in real 
time. The DAS sampled most of the data at a 10 Hz, except for the pedal and steering wheel 
position data streams that were sampled at 100 Hz and the video data that were sampled at 30 Hz. 
However, algorithm trips, green-to-yellow phase changes, and experimental commands were 
interrupt-driven to avoid inducing latency errors. That is, the data stream was continuously 
sampled, and the command was sent the instant the defined threshold was surpassed, even if the 
time was not exactly in line with the 10 Hz data sampling clock; this allowed virtually 
instantaneous commands that were not limited by the update rate. All wireless communications 
occurred through a prototype DSRC kit operating in the 5.2 GHz frequency band (true DSRC will 
use 5.9 GHz). 

 

DGPS detects
vehicle position,

and velocity;
accelerometers

detect
acceleration; and

potentiometers
measure pedal

positions

Signal phase and timing 
sent to vehicle, 
experimental trial 
information sent to 

infrastructure 
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The infrastructure portion of the testbed was built by the Virginia Department of Transportation  
on the Virginia Smart Road. The Smart Road is a state-of-the-art research facility used for the 
evaluation of Intelligent Transportation Systems concepts, technologies, and products (Figure 3). 
It is currently a 2.2-mile, two-lane roadway with a high-speed banked turnaround at one end and a 
medium speed flat turnaround on the opposing end. A fully equipped intersection, including 
standard signals, mast arms, controller cabinet, and lane markings, was installed in 2003 as part of 
the IDS project for the purpose of conducting intersection-related research (Figure 4). One of the 
adjacent legs has a straight alignment allowing higher-speed approaches, while the other is a 
lower-speed roadway connected to a wayside. The intersection was controlled by a VTTI-built 
signal controller that allowed for complete experimental control of the intersection at the desired 
update rates. 

 
Figure 3. Plan view of Smart Road test track. 

 
Figure 4. The Smart Road intersection. 

The vehicle used in the testbed was a 2000 Chevrolet Impala on loan to VTTI from General 
Motors (Figure 5). The vehicle was equipped with conventional safety equipment such as antilock 
brakes, dual front and side air bags, and traction control. Several safety features were implemented 
in the test vehicle as necessary to minimize risk for participants and experimenters. 
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An emergency passenger-side brake was mounted such that the experimenter (seated in the front 
passenger seat) could take control of the vehicle if needed. 

 
Figure 5. GM Chevy Impala experimental vehicle. 

In addition, a custom steering lock was designed, manufactured, and installed so that participants 
could not freely steer the car as a reaction to “surprise” experimental trials or during periods of 
occlusion (participants wore goggles which occluded or blanked out for 2 s periods during data 
collection). The steering lock provided a 5º freedom of movement at the steering wheel to make 
the locking process as unnoticeable to the participant as possible. This feature made it impossible 
for the participant to steer the vehicle off the roadway during the time the goggles were occluded. 
 
DATA ACQUISITION SYSTEM AND ALGORITHM PROCESSOR 
 
The DAS contained within the vehicle was custom-built by VTTI. The DAS was located inside 
the trunk and out of the participant’s view (Figure 6). At the heart of this DAS was a 200 MHz 
PC104 operating on a Microsoft Windows platform. Attached to the system bus were a series of 
custom designed circuit boards that controlled the various functions of the acquisition device. 
This system included four video grabbers, accelerometer/gyroscope, a vehicle network sniffer (to 
pull variables from the vehicle network), and power management boards. The alignment and time 
stamping data retrieved from these boards was choreographed by X-Car, which is a customized 
VTTI proprietary software package. More specific descriptions on the selection process for these 
devices may be found in Neale et al. (2002). Hardware was contained in a custom-mounting case 
designed to affix instrumentation in orientations necessary for accurate measurement and 
durability. 
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Figure 6. Data acquisition system. 

The video grabbers installed in the DAS converted the National Television System Committee 
(NTSC) signal from the cameras into MPEG3 format, which was recorded to the hard drive in real 
time. Small cameras (1” square by ¼” deep, seeing through a 1/32” aperture) were mounted 
inconspicuously within the vehicle and collected the video data. For the current study, four 
cameras were installed (Figure 7). The camera views included: 

1. Forward view – to provide a visual reference of the current vehicle location. 
2. Driver’s face – to allow for the recording of eye glances. 
3. Passenger-side A-pillar camera – to capture the steering wheel, instrument panel, and the 

driver’s hands from the side. 
4. Driver’s feet – to show accelerator and brake activation (due to the low-light conditions, 

this camera also required an infra-red light source). 

 
Figure 7. The four camera views recorded in the testbed vehicle. 

Video data were recorded on the DAS computer at 30 Hz. For analysis, video data were 
multiplexed in a four-quadrant, split-screen display (Figure 8). 
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Figure 8. Split-screen display for video analysis. 

At the time that the ICAV project began collecting data, the prototype DAS installed in the Impala 
had not been upgraded to address the wireless communications needs. To minimize the hardware 
development effort required, a second computer was added to the data acquisition system (Figure 
9). This computer was an IBM ThinkPad outfitted with the DSRC test kit. The ThinkPad was 
responsible for coordinating wireless communications, providing the experimenter interface, and 
computing the algorithm. To perform these tasks, the ThinkPad was also connected to the 
distributed DAS network, which provided redundant data recording and increased reliability. 

 
Figure 9. Algorithm processor, experimenter interface, and communications laptop. 

 
The distributed DAS network consisted of four primary components: (1) three-axis accelerometer 
and network box; (2) pedal and steering potentiometers and network box; (3) DGPS subsystem; 
and (4) wireless subsystem. Each component of the DAS network provided information to the DAS 
computers for recording. The accelerometer box was located near the vehicle pitch-center to 
minimize pitch-induced acceleration noise. The potentiometers reported the position of the 
accelerator and brake pedals as well as the steering position to an analog-to-digital network box. 

60 



 

61 

The DGPS subsystem provided vehicle position and speed. Each of these systems is discussed in 
further detail in the sensing section below. The communications equipment, which is further 
discussed in the communications below, provided signal phase and timing information to the DAS. 
 
The DAS was independent of the ICAV testbed system but remained linked as necessary to record 
and time-stamp key events (e.g., warning onsets). The entire DAS was unobtrusive and did not 
limit visibility or create a distraction. Pedal and steering data were collected to allow for an 
accurate determination of reaction time. Other performance features of the DAS included 
automatic detection of sensor/software failures. 
 
VEHICLE SENSING 
 
A Novatel OEM4-G2L DGPS unit was used to provide position and speed for data collection and 
algorithm computations (Figure 10). This unit received differential corrections from a base unit 
with an antenna on the roof of the VTTI building. The corrections were transmitted via a Pacific 
Crest RFM96W radio unit operating at 35 watts (Figure 11). Specifications for this DGPS system 
are presented below. Validation test results reflect extensive on-road tests of component accuracy, 
performed on the Smart Road at different speeds. 
• Update rate: 20 Hz maximum. 
• Latency: 0.05 s. 
• Reliability: 99 percent. 
• Accuracy: 

o Longitudinal: Advertised position accuracy of 1 cm, Speed accuracy of 0.03 m/s. 
Validation results: 

 30 mph 5.2 cm overall positioning accuracy; 56 points calculated 
(passed, based on acceptance criterion of 30-500 cm) 

 50 mph 10.1 cm overall positioning accuracy; 35 points calculated 
(passed, based on acceptance criterion of 30-500 cm) 

 70 mph 9.5 cm overall positioning accuracy; 15 points calculated (passed, 
based on acceptance criterion of 30-500 cm; business card width = 9 cm). 

o Lateral: Advertised position accuracy of 1 cm, Speed accuracy of 0.03m/s. 
Validation results: 

 Better than ±2.5cm at all three speeds (passed, based on acceptance 
criterion of 10-75 cm) 

o Heading: Advertised specification not available. Validation results: 
 Better than ±0.4º at all three speeds (passed, based on acceptance criterion 

of ±2.0º) 
• Power requirement: 2 W. 



 

 

Figure 10. Novatel DGPS unit. Figure 11. Pacific Crest Radio Unit. 
 
Since the system was mounted in the vehicle, it required an internal vehicle map to allow the 
determination of position relative to the intersection. Stop bar locations were used to fulfill this 
role. The DGPS unit provided the most accurate method of position and velocity detection within 
the testbed. This system also allowed for simulation of an in-vehicle sensing system through 
detuning as needed. 
 
In designing the testbed, it was considered likely that an accurate measure of acceleration would be 
useful. This required the acquisition and incorporation of an accelerometer within the vehicle 
sensing suite. The accelerometer used was an Analog Devices ADXL202AE. Specifications for 
this device are presented below. Validation test results reflect extensive on-road tests of 
component accuracy, performed on the Smart Road at different speeds. 
• Update rate: 60 Hz. 
• Latency: 0.01 s. 
• Reliability: 99 percent. 
• Advertised longitudinal and lateral accuracy: 0.002 g at 60 Hz. Validation results:  

o ±0.02 g at 60 Hz (passed, based on acceptance criterion of < ±0.05 g) 
• Power requirement: 5V at 0.6mA. 

 
COMMUNICATIONS 
 
Off-the-shelf DSRC was not available at the time the testbed was under development. Therefore, 
the communications laptop (Figure 9) used prototype 802.11 a mini-PCI radios from Atheros to 
interface with the DSRC system at the intersection. The radios were pre-installed in the DSRC test 
kit laptop computers provided to VTTI by the Collision Avoidance Metrics Partnership. The 
radios operated in the 5.2-GHz frequency band (true DSRC will use 5.9 GHz) with two sets of 
external antennas that were mounted on the roof of the vehicle and on top of the controller cabinet 
(Figure 12). This setup allowed for two-way communication of digital information packets 
between the intersection controller and the vehicle when it was within approximately 305 m (1,000 
ft) from the intersection. The communications link used User Datagram Protocols (UDP--one of 
the two standard transport protocols for the Internet Protocol traffic) to receive signal information 
from the infrastructure controller. VTTI developed platform-specific software to address all 
communication packet needs. 
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Figure 12. Intersection cabinet with DSRC antennas. 

Time-synced signal phase and timing was continuously transmitted from the infrastructure to the 
vehicle while it was in range. Information transmitted from the vehicle to the infrastructure 
included the desired signal setup for the current experimental trial (including signal change 
characteristics and the onset of phase change). 
 
Table 34 summarizes the capabilities of the testbed’s communications system, which was 
designed to over-perform any foreseeable final system requirements. Where noted, these 
specifications were validated by on-road and bench-top testing by VTTI. 
 

Table 34. Testbed communications capabilities. 

Specification Type Specification Value 
Communication path Infrastructure-to-vehicle and vehicle-to- 

infrastructure, two-way, point-to-multipoint 
Update rate 20 Hz maximum 
Maximum range 457m (1,500 ft) (passed validation testing with 

acceptance criterion of 182m [600 ft]) 
Bandwidth 6 Mbps 
Data reliability 99 percent (passed validation testing with acceptance

criterion of >95 percent received packets at all 
distances 

Data latency 18 ms (validated latency of 5 ms) 
Content of data stream From infrastructure: signal phase and timing. To 

infrastructure: desired signal setup, commands to 
change the light phase or trigger the warning. All 
information is synchronized through GPS time 
stamps. 

Packet size 64 Bytes (Validation testing of up to 512 bytes) 
Signal Power 17dBm @ 6 Mbps
Power requirement 3.3V @ 450 mA 
Durability Minimal adverse performance effects observed 

after ~2 years of regular use in experimental 
setting. Antennas were maintained outdoors, 
exposed to the elements, during this time period. 
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CONTROLLER 
 
For research purposes, the signal controller needed additional capabilities such as on-demand 
rapid signal timing and phase changes as well as high-speed wireless communications. To support 
this level of performance, VTTI purchased a 700 MHz PC104 computer to manage the signal 
configuration and wireless data transfer (Figure 13). The PC104 received commands over the 
wireless communication system with regard to signal change sequence, timing, and phase change 
initiation. The computer physically controlled the signal state through an 110v interface built in-
house at VTTI (Figure 14). Commands sent by the computer were received by a microcontroller 
on the interface which managed a bank of solid state relays, each of which was attached to an 
individual signal head. 

 

Figure 13. Single-board signal Figure 14. Signal control interface. 
management computer. 

 
The final component of the infrastructure apparatus was a DGPS and an FM transmitter. DGPS 
uses a base station GPS that is programmed with an accurate static coordinate location. The base-
station GPS gathered and computed real-time location and compared it with its actual location. 
The differential offset between the actual location and the real-time location was calculated and 
paired with a time stamp. This offset was then sent to the vehicle via the Pacific Crest FM 
transmitter operating at 15 W. The vehicle used the offset information to determine its position 
with a much higher degree of accuracy than would be possible without the differential correction. 

DRIVER WARNING INTERFACES 

The vehicle was equipped with visual, auditory, and haptic warning displays. The visual display 
consisted of a sunlight viewable LCD screen located in a high-heads-down position on the 
eyebrow above the instrument cluster (Figure 15). The display could be adjusted to present any 
icon similar in size to the one shown in the picture. It could also present dynamic icons. Detailed 
specifications for the display follow: 
• Color-active Matrix LCD module incorporating amorphous silicon TFT. 
• Graphics and text were displayed on a 320x3x240-dot panel with 262,144 colors. 
• The 3.8” screen produced a high-resolution image composed of 76,800 pixel elements. 
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• Supported both static and dynamic displays. 
• Wide viewing angle technology: 65 deg. 
• High contrast: 100/1. 
• Luminance: 450 cd/m2. 
• Response time: 30 ms. 
• Used a low-reflection and antiglare surface polarization plate. 

Figure 15. In-vehicle visual display. 

As implemented in the vehicle, the visual stop sign icon was 4.3 cm (1.7 inches) high and 5 cm 
(1.95 inches) wide. Using the icon height and an average eye distance of 84 to 102 cm (33 to 40 
in), the visual angle was 72 to 90 arcminutes. In addition, the vehicle had an integrated loudspeaker 
(located in the visual display casing) used to present the warnings independently of the vehicle’s 
sound system. The sound was directed toward the driver from the location of interest (i.e., forward 
windshield). The loudspeaker was powered by a 3.1 W Mono Class AB amplifier attached to the 
experimenter laptop. 
 
The haptic warning system permitted computer-controlled vehicle deceleration on demand. In 
order to safely automate braking, a custom upright was designed and machined (Figure 16). The 
new upright housed a second brake caliper that was completely independent of the original vehicle 
braking system. Hydraulic pressure was supplied to this caliper by a computer-controlled pump 
and valve network with pressure relief (Figure 17). This hardware was located behind the vehicle’s 
front bumper. Automated braking could range from a predetermined number of brake pulses to 
constant soft-braking to the vehicle assuming control and completely stopping the vehicle. Peak 
braking capability prior to wheel slip was 0.85 g with a response time of 150 ms. The system was 
capable of matching a specified deceleration or pressure profile while supporting complex warning 
algorithms (i.e., algorithm that shuts off braking when the driver was braking harder than the 
automated system, ABS, etc). This was accomplished using data from the DAS network. 
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Figure 16. Rear view of custom-built Figure 17. Computer controlled electro- 
upright showing dual calipers. hydraulic automated braking system. 

 
In order to control the extent and duration of inattention, a distraction simulation method was 
employed for some studies. A set of occlusion glasses was used to simulate distraction (Figure 
18). The portable liquid crystal apparatus for tachistoscopic occlusion (PLATO) was built by 
Translucent Technologies. The goggles house a pair of liquid crystal lenses that can be switched to 
permit/occlude the driver’s vision as desired. The goggles were computer controlled; they were 
activated either manually from the experimenter interface or at a specified time-to-intersection as 
needed. 

 
Figure 18. PLATO occlusion glasses. 
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EXPERIMENTER INTERFACE 
 
The experimenter interface (Figure 19) was presented on an in-vehicle screen and controlled 
through a standard keyboard with a trackball (Figure 20). The interface allowed the experimenter 
to control any aspect of the intersection approach (e.g., distance at which to change the light, visual 
occlusion, type of warning that was presented) and the warning parameters. It also provided the 
experimenter with information on the intersection status, vehicle’s kinematics, and detuning 
operations. The interface allowed control over the range of architectures that could be simulated on 
the road. 
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Figure 20. Hardware used for the experimenter interface. 

A trial order file was created for each set of experimental conditions and loaded into the interface 
at the beginning of each test. With each intersection crossing the interface automatically advanced 
to the next trial. Once in wireless range the interface would automatically transmit trial information 
to the infrastructure as appropriate. In case of a system malfunction, the experimenter maintained 
override control on occlusions, steering lock, and signal phase changes. Finally, the interface 
provided information regarding the loaded algorithm timing and real-time data from the sensing 
equipment. This allowed the experimenter to verify data collection accuracy and trial 
characteristics. 
 
As mentioned near the beginning of this section, the testbed was constructed to over-perform so 
characterization of minimum component specifications could be determined. In order to determine 
minimum specification of a component, the influence of that component’s performance on the 
system performance had to be understood. The validation tests discussed earlier in this section 
were designed to ensure that the testbed was capable of over-performing to the extent required by 
later detuning tests. For this purpose, the experimenter interface subsystem also included detuning 
capacities. To perform detuning tests the experimenter first activated the detuning function and 
opened the detuning window (Figure 21). From the detuning window the experimenter selected the 
desired subsystem(s) to be detuned and the desired error to be injected. For instance, to detune the 
position subsystem a longitudinal error of 1 m could be selected. With this selection, longitudinal 
data fed to the computations subsystem would now have a 1 m error. Errors were systematically 
injected into the various system components and the resulting algorithm effects were recorded. 
This provided how early/late an alarm could be if the testbed subsystem was replaced with a lower 
performing (presumably lower cost) component. 
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Figure 21. The detuning window opened from within the experimenter interface. 

TESTBED DEVELOPMENT AND CAPABILITIES SUMMARY 

The ICAV testbed was developed and validated as an over-performing system capable of running 
all required detuning and human performance experimentation. This approach allowed 
determination of minimum system specifications which are presented later in this report. The 
system was also designed to be flexible such that the occlusion goggles, automated braking, and 
steering lock subsystems could easily be added and modified as the testbed evolved. The testbed 
was improved and updated to fulfill the requirements of each test as the project proceeded. 
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TASK 4: REVISED PERFORMANCE SPECIFICATIONS AND GUIDELINES 

DETUNING TESTS 

Philosophy and General Method 
The testbed sensors and software were designed to surpass the initial minimum technical 
specifications and requirements for an intersection violation warning system. This was done so 
that the system could then be “detuned” (deliberately made less accurate) in several areas to 
enable systematic examination of the effects of inaccuracy on system performance. A detuning 
interface was built into the testbed system to accomplish this research goal. This allowed the 
experimenter to input the desired amount of inaccuracy for a particular parameter and examine the 
effects of the inaccuracy by comparing two parallel data streams - one containing the normal 
(highly accurate) data and one containing the detuned data. 
 
These tests were conducted by driving the testbed vehicle towards a red-light intersection on the 
Smart Road at 40.2 and 112.7 kph (25 and 70 mph). These speeds were achieved at least 200 m 
(656 ft) before the intersection and held steady through the intersection by an experienced VTTI 
test driver. The speeds were chosen as representing the two extremes of intersection warning 
cases. There are relatively few cases in which an intersection is approached at the higher of these 
two speeds, but when this does occur, the required deceleration is higher. In addition, the higher 
speed cases require reliable communications out to a larger range (warnings were issued between 
152 to 183 m [500 and 600 ft] in the high-speed cases). For the low-speed case in which violation 
pre-crash travel speeds are known, 74 percent of the vehicles were traveling at 40.2 kph (25 mph) 
or less (Lee et al. 2003). The required deceleration is also lower at lower speeds, but detuning 
tends to have a larger effect (for example, an 8 kph [5 mph] inaccuracy will have a larger effect on 
a percentage basis on the 40.2 kph [25 mph] case than on the 112.7 kph [70 mph] case). For all of 
the performance specifications that required the use of detuning test data, the 40.2 kph (25 mph) 
results were found to be the limiting factor for specification and requirement development. For this 
reason, only the lower speed results will be discussed. 
 
For all tests discussed in this section, the testbed was programmed with two parallel ICAV 
computational systems – one “accurate” system and one generating a series of subsystem errors. 
Parallel data streams were recorded from the two systems. The series of subsystem errors 
(including zero error values) was compared to the accurate data stream. The effects of subsystem 
inaccuracy were measured using an assumed algorithm (discussed below). Parameter values 
resulting in decision errors by the system were also noted. Data were examined for any evidence of 
unreliability in the subsystem data, but no instances of unreliability were noted. 
 
To determine the effect of a particular detuning on a measure of interest, the data had to be 
subjected to an algorithm with certain assumed parameters. An iterative process was used to 
determine the levels of these assumptions. As more information became available, the algorithm 
could be adjusted and the data re-analyzed to determine the effect of various algorithm changes. 
The data collected during a single detuning experiment could thus be used as many times as 
needed to check for the performance effects of various algorithms. For the purposes of this section, 
the algorithm for the best performing DVI (as discussed in later sections of this report) 
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was used to make the required assumptions. These assumptions include a nuisance alarm rate of no 
more than 2 percent and a maximum desired required deceleration range of 0.33-0.39 g. As will be 
discussed later in the report, new detuning values can be produced for other DVI algorithms using 
the same base data from these experiments. 
 
The dependent variable found to be most sensitive for interpreting the results of the detuning 
tests was: 

• Normalized required deceleration to stop by the stop bar once the warning was issued 
(normalized to account for differences in road grade from the two approach directions). 
This variable could be compared to the decelerations actually achieved by participants 
during tests of normal and hard braking. 

 
The results for each technical subsystem are presented below, along with a brief discussion of 
implications. The results of the detuning tests have important implications for the revised 
performance specifications and requirements; these implications will be discussed further in a 
later section of the report. 
 

Communications Detuning Tests 

Communications Detuning Tests Conducted 
For the communications detuning, both update rate and dropped packets were detuned. The tests 
were conducted in such a way that each could be examined separately, and then the interactive 
effects of various numbers of dropped packets at various update rates could be explored. The 
update rate detuning is presented first (with 0 dropped packets assumed), followed by the dropped 
packets detuning (with a 10 Hz update rate assumed), and then the dropped packets by update rate 
interactions. 
 
Detuning of Update Rate 
 
Method. Communications specification development required knowing how the ICAV system 
would perform as the update rate was degraded at certain levels. For this test, data collected during 
experimental runs made during the sensors’ detuning tests were analyzed to determine the effect of 
various update rates on system performance. The communications packets were systematically 
dropped from the data stream to achieve the appropriate update rate, and the effects of the new 
update rate on system performance were then measured. 
 
There were two independent variables for the update rate detuning, including: 

• Update rate with ten levels (10, 9, 8, 7, 6, 5, 4, 3, 2, and 1 Hz). 
• Approach speed with two levels (40.2 and 112.7 kph [25 and 70 mph]), although only the 

lower speed results are presented here. 
 
Approach direction was a controlled variable with two levels (uphill and downhill) to assure that 
the algorithm was appropriate for each situation. Dropped packets were held steady at 0 for this 
test, and each condition was run 5 times, resulting in 100 data points. The dependent variable was 
normalized required deceleration. 



Results and Discussion 
The normalized required deceleration for each update rate tested is shown in Figure 22 for the 
40.2 kph (25 mph) tests (100 data points represented). With 0 assumed dropped packets, every 
update rate from 4 Hz to 10 Hz is feasible for the low-speed tests. Feasibility is determined by 
assuming a maximum desired required deceleration range of 0.33-0.39g; for an assumed nuisance 
alarm rate of 2 percent, this range was found to represent the too early and too late points for the 
required deceleration parameter. However, this assumes 0 dropped packets, and the same results 
do not hold true when the effect of dropped packets is considered. 

Figure 22. Effect of various update rates on required deceleration for the low-speed  
(25 mph) trials assuming 0 dropped packets. 

Detuning of Dropped Packets 

Method
The same data set obtained for the update rate detuning was examined to determine the effect of 
various levels of dropped packets. There were two independent variables for the update rate 
detuning, including: 
• Number of dropped packets with 11 levels (10, 9, 8, 7, 6, 5, 4, 3, 2, 1, and 0 dropped 

packets). 
• Approach speed with two levels (40.2 and 112.7 kph [25 and 70 mph]); again, only the 

low-speed results are presented. 

As before, approach direction (uphill versus downhill) was controlled to assure that the 
algorithm was appropriate for each situation. The update rate held steady at 10 Hz for this test, 
and each 
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condition was run 5 times, resulting in 110 data points. The dependent variable was normalized 
required deceleration. 

Results and Discussion 
Figure 23 shows the effect of dropped packets on the normalized required deceleration for the 
low-speed condition. Only the 0 and 1 dropped-packet(s) conditions resulted in feasible data 
points for required deceleration (0.33-0.39g). Again, these figures represent the best-case 
scenario of a 10 Hz update rate. 

Figure 23. Effect of various numbers of dropped packets on required deceleration for the 
low-speed (25 mph) trials assuming a 10 Hz update rate. 

Effect of Dropped Packets on Update Rate 

Method. The combined effect of update rate and dropped packets was considered using all trials 
(all combinations of update rate and dropped packets) from the dataset described in the previous 
two sections. There were three independent variables: 
• Update rate with 10 levels. 
• Dropped packets with 11 levels. 
• Travel speed with two levels (only the low-speed case is discussed). 

Approach direction (with two levels) was a controlled variable. This resulted in a diagonal matrix 
for update rate by dropped packets with 65 cells. With 65 update-rate-by-dropped-packets 
conditions, two approach directions, and five trials each, there were 650 data points for the low-
speed analyses. However, the cells along the diagonal were dropped from consideration 
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(e.g., the 5 Hz, 5 dropped packets condition), resulting in a final data matrix of 55 cells and 550 
usable data points. 

Results and Discussion 
Figure 24 represents the full effect of every combination of update rate and dropped packets on 
required deceleration. Because this type of graph is busy and difficult to grasp, the data for this 
section are presented in table form instead, with feasible combinations highlighted. However, it is 
easy to note in Figure 24 that there are many combinations requiring a deceleration of more than 
0.39 g. Also note the each of the data series tops off at 0.75 g which is the same value obtained for 
a 1 Hz data system. This is because for each update rate condition, having only one received 
packet produced the same effect as a 1 Hz system (e.g., a 10 Hz update rate with 9 dropped 
packets is the same as a 1 Hz update rate with 0 dropped packets). 

Table 35 presents the same data as Figure 24 in table 
format. Note that there are many infeasible update-rate and dropped-packet combinations as 
indicated by the gray font. Only 20 percent of the combinations were feasible for the low-speed 
trials (11 of 55 combinations were feasible). 
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Table 35. Combined effect of dropped packets and update rate on required deceleration for 
the low-speed (25 mph) trials. Feasible combinations are shown in bold and infeasible 

combinations are grayed out (required deceleration 0.33-0.39g). 

Discussion of Overall Communications Detuning Tests 
The combined effect of update rate and dropped packets on required deceleration for the low-speed 
case support a minimum update rate of 4-10 Hz with 0 dropped packets or 7-10 Hz with no more 
than 1 dropped packet. 

Sensors Detuning Tests 

Sensors Detuning Tests Conducted 
For the sensors detuning, both velocity and acceleration were initially detuned. However, the 
algorithm being used during these tests did not use acceleration as an input, so the acceleration 
detuning had no effect on the dependent variables (required deceleration and DVI onset delay). 
The only testbed sensor required by the algorithm was velocity, and this did have an effect on 
ICAV performance. The results of the velocity detuning only are presented in the following 
section.

Detuning of Velocity 

Method. Vehicle velocity was detuned to determine the effects of variations in the accuracy of in-
vehicle sensing of vehicle velocity on the performance of the computational system and the 
overall ICAV system. The ICAV computations subsystem, which is the central processor of the 
system, relies on accurate inputs regarding vehicle dynamic status, including vehicle velocity. 
Although the accuracy of modern sensors and vehicle network linkages is likely to be high, a 
determination of the outer bound of error tolerance needed to be made. 

Known errors were introduced into the in-vehicle sensing of velocity to examine the effects on 
computational accuracy and the timing of ICAV warnings. The test was performed at two 
speeds. The communications detuning section of this report describes the rationale for using a 
worst case scenario speed of 112.7 kph (70 mph). However, since the accuracy of the speed 

Dropped 
Packets 10Hz 9Hz 8Hz 7Hz 6Hz 5Hz 4Hz 3Hz 2Hz 1Hz 
0 0.35 0.35 0.35 0.36 0.36 0.37 0.38 0.40 0.46 0.75 
1 0.37 0.38 0.38 0.39 0.40 0.42 0.46 0.52 0.75 
2 0.40 0.40 0.42 0.44 0.46 0.50 0.57 0.75 
3 0.42 0.44 0.46 0.48 0.52 0.60 0.75 
4 0.46 0.48 0.51 0.55 0.63 0.75 
5 0.50 0.52 0.57 0.63 0.75 
6 0.54 0.57 0.64 0.75 
7 0.60 0.66 0.75 
8 0.68 0.75 
9 0.75
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sensing system was degraded on an absolute basis rather than a percentage basis, the worst case 
scenario for the speed sensor would occur at lower speeds (e.g., an inaccuracy of 3.2 kph [2 
mph] at a speed of 112.7 kph [70 mph] is a 3 percent error, while an inaccuracy of 3.2 kph [2 mph] 
at a speed of 40.2 kph [25 mph] is an 8 percent error). Therefore, only the low-speed test results 
are reported here. 
 
There were two independent variables, including: 
• Speed sensing accuracy error with seven levels (-8.0 kph, -5.6 kph, -3.2 kph, -1.6 kph, 0 

kph, +1.6 kph, +3.2 kph, +5.6 kph, and +8.0 kph [-5.0 mph, -3.5 mph, -2.0 mph, -1.0 
mph, 0, +1.0mph, +2.0mph, +3.5 mph, and +5.0 mph]). 

• Approach speed with two levels (40.2 and 112.7 kph [25 and 70 mph]), although only the 
low-speed results are reported. 

 
Approach direction (uphill versus downhill) was a controlled variable with an equal number of 
trials run in each direction. Every combination of speed-sensing accuracy (9) and direction (2) was 
tested 5 times, yielding a total of 90 trials. 
 
Results and Discussion. The effect of velocity detuning on normalized required deceleration is 
shown in Figure 25. As can be seen, the detuned data follow the expected pattern. The -8 kph [-5 
mph] detuning had a pronounced effect, raising the required deceleration to 0.56 g. The +8 kph 
(+5 mph) detuning also had a pronounced effect, lowering it to 0.24 g. Note that a detuning of 
+1.6 kph (+1 mph) surpasses to too-early criteria for the required deceleration level (0.33g for the 
assumed 2% nuisance alarm rate). In-vehicle network speed sensors are generally accurate to ±4 
percent (Chidester, Hinch, Mercer, and Schultz, 1999) which equates to ±1.6 kph (±1 mph) for the 
low-speed case. This may indicate that current in-vehicle network sensors are insufficient. 
However, the testbed validation showed that GPS speed was accurate to ±0.16 kph (0.1 mph). 
Thus, the ICAV system may need to use GPS for speed measures to maintain sufficient accuracy 
levels. It is likely that current speed sensing technology will be adequate to support this range of 
required deceleration. 



Figure 25. Effect of detuned velocity on required deceleration at 25 mph. 

Positioning Detuning Tests 

Detuning Positioning Tests Conducted 
There were three types of positioning detuning tests originally envisioned for this project. The first 
test, longitudinal detuning, provided information on the effect of positioning accuracy with respect 
to distance to intersection. The lateral detuning provided information as to the levels of lateral 
accuracy required with respect to lane position. The final test, heading detuning, was found to be 
unnecessary. Although the ICAV detuning system was capable of detuning heading accuracy, 
heading was not used in the algorithm. This is the same situation that was found for the 
acceleration detuning – that is, the detuned numbers could be inserted into the data stream, but 
since the ICAV system did not accept or use heading as one of its algorithmic input variables, the 
detuning had no effect on system performance. Thus, it was decided that it would not be a prudent 
use of project resources to run these tests when no meaningful results could be obtained. 

Detuning of Longitudinal Accuracy 

Method. Vehicle longitudinal accuracy was detuned to determine the effects of these variations on 
the performance of the ICAV system. The ICAV computations subsystem, which is the central 
processor of the system, relies on accurate inputs regarding vehicle longitudinal position. 
Although the accuracy of the DGPS unit used for the ICAV testbed was found to be high, a 
determination of the outer bound of error tolerance needed to be made for an eventual deployment 
system which may use a less accurate positioning system. 
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There were two independent variables, including: 
• Longitudinal error with 13 levels (-15 m, -10 m, -5 m, -3.5 m, -2 m, -1 m, 0 m, +1 m, +2 

m, +3.5 m, +5 m, +10 m, and +15 m [-49.2 ft, -32.8 ft, -16.4 ft, -11.5 ft, -6.6 ft, -3.3 ft, 0 ft, 
+3.3 ft, +6.6 ft, +11.5 ft, +16.4 ft, +32.8 ft, and +49.2 ft]). 

• Approach speed with two levels (40.2 and 112.7 kph [25 and 70 mph]), although only the 
low-speed results are presented. 

Approach direction (uphill versus downhill) was a controlled variable with an equal number of 
trials run in each direction. Every combination of speed sensing accuracy (13) and direction (2) was 
tested 3 times each, yielding a total of 78 trials. The dependent variable was normalized required 
deceleration (as defined in the communications detuning section). 

Results and Discussion. As seen in Figure 26, longitudinal detuning had a large effect on required 
deceleration. The -15 m (-49.2 ft) condition is not shown, because it resulted in an illogical 
required deceleration of 9.43 g for the low-speed case. For these low-speed trials, required 
deceleration was greater than 0.39g for all detuning values between -2 and -15 m (-6.6 and -49.2 
ft). Detuning in the positive direction produced lower required deceleration, but would also 
produce a higher number of nuisance alarms in a deployed system by warning too early. The 
required deceleration dropped below 0.33 g (the too-early threshold for an assumed nuisance alarm 
rate of 2%) for all of the conditions greater than +2 m (+3.3 ft). 

Figure 26. Effect of detuned longitudinal position on required deceleration at 25 mph. 
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Detuning of Lateral Accuracy 
 
Method. The same method was used as for the longitudinal detuning tests, except that there were 
only seven levels of lateral detuning (-5 m, -2.5 m, -1 m, 0 m, +1 m, +2.5 m, and +5 m [-16.4 ft, -
8.2 ft, -3.3 ft, 0 ft, +3.3 ft, +8.2 ft, and +16.4 ft]). Combined with two approach directions and three 
repetitions of each condition, there were a total of 42 data points for this test. As can be seen in 
Figure 27, lateral detuning would have very little influence on the dependent measures used up to 
this point (required deceleration and DVI onset delay). For example, a 3.7 m (12 ft) inaccuracy 
(one lane width) at 40 m (131.2 ft) from the intersection would result in only a 0.2 m (0.7 ft) 
longitudinal error, which was shown in the longitudinal detuning tests to have virtually no impact 
on ICAV effectiveness. 

 

Figure 27. Effective distance to intersection difference with a 3.7 m lateral inaccuracy. 

The ICAV system did not require lane position in order to determine whether to issue a warning. 
However, unlike the acceleration sensing and heading cases, there was a method available to 
determine the effect of lateral detuning on performance for future ICAV systems that might require 
lateral position as an input. A map of the Smart Road intersection had been created for testbed 
validation during Task 3. By comparing the detuned vehicle position with the Smart Road map, it 
was possible to determine which lane the testbed vehicle was reported to be in when the warning 
would have been issued. Thus, the dependent variable for lateral detuning was lane position 
(correct lane/incorrect lane). Note that the method used in collecting the data was for the driver to 
stay right in the center of the lane throughout the data collection period. This was verified by 
examining the map such as the one shown in Figure 28. The Smart Road mapped points are shown 
in red, with a black line overlaying the lane markers. The arrow indicates the direction of travel for 
this set of tests, which was 40.2 kph (25 mph) downhill. The larger black and white points indicate 
zero lateral detuning, and they are indeed right in the middle of the correct lane. Each data point in 
Figure 28 represents the recorded location of the center of the testbed vehicle when the warning 
would have been issued (the actual location was always the center of the vehicle in the center of the 
lane). 
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Figure 28. Close-up of Smart Road mapped points with 25 mph downhill detuning tests 
overlaid (21 data points). 

Results and Discussion. Table 36 presents the lane-position findings for each of the lateral 
detuning conditions at the two speeds tested (because this method was different than those used for 
other detuning tests, both the low- and high-speed results are presented). Note that there were 
more incorrect lane positions for the lower speed tests, and there were no correct lane positions 
with greater than ±1 m (3.3 ft) of lateral error for the low-speed tests. For the high-speed tests, 
there were some correct lane position with ±2.5 m (8.2 ft) errors, but the vehicle was not 
consistently placed in the correct lane at this level of error. There were no correct lane placements 
at ±5 m (16.4 ft) of lateral error. The results indicate that the accuracy requirement lies somewhere 
in the range of ±1 to 2.5 m (3.3 to 8.2 ft), since this appears to be the area at which lane position 
breaks down. If the true breakdown point is exactly between 1 and 2.5 m, this would be 1.75 m 
(5.75 ft). Note that the lane width of the Smart Road is 3.7 m (12 ft), so it appears that lateral 
positioning accuracy requirements should be somewhat less than one-half of a lane width for lane-
level accuracy in an ICAV system that might rely on lane position. This also makes intuitive 
sense; a sensing system that indicates a vehicle is half a lane width off of its true position would 
give a correct position only half the time. 
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Table 36. Lane placement at various levels of lateral accuracy for low and high-speed tests. 

25 mph (40.2 kph) 70 mph (112.7 kph) Lateral 
Detune Level Correct Incorrect Correct Incorrect 

-5 m 0 6 0 6 
-2.5 m 0 6 3 3 
-1 m 6 0 6 0 
0 m 6 0 6 0 
1 m 6 0 6 0 

2.5 m 0 6 1 5 
5 m 0 6 0 6 

Discussion of Positioning Detuning Results 
The major point to keep in mind for the positioning detuning results is that, although the lateral 
and longitudinal tests were conducted separately, in reality, modern positioning systems such as 
GPS do not differentiate between these two dimensions. For example, error in GPS systems is 
usually specified as circular error (i.e., the vehicle’s reported position could be off by X distance 
in any direction from its actual position). Thus, any requirements and specifications that result 
from these tests must be constrained by the most conservative results. For example, if lane 
position must be known in an ICAV system, and the maximum allowable lateral positioning error 
is smaller than the maximum allowable longitudinal positioning error, then the lateral error 
specification would by default also become the longitudinal error specification. If lane position is 
not needed, then the specification may be able to rely on the longitudinal results. More discussion 
of this issue is presented in the revised performance specifications and requirements section. 
 
Discussion of Overall Detuning Results 
The tests discussed in this section were intended to provide empirical evidence for selection of 
values for the performance specifications and requirements. The final specifications and 
requirements also depend on an optimized DVI and on an assumed maximum acceptable nuisance 
alarm rate. The next sections of this report describe tests and calculations performed to determine 
these items. The results of the detuning tests will be revisited in the discussion leading up to the 
revised performance specifications and requirements near the end of this report. 
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GENERAL COMMENTS ON HUMAN FACTORS ON-ROAD TESTS 

The effectiveness of intersection violation warning systems is fundamentally dependent on the 
driver-braking model used to decide if a warning should be issued to the driver. If the model is 
unrealistic, drivers can either be annoyed due to assumed braking levels that are too low, or can be 
warned too late if braking expectations are too high. Two different on-road test types were 
performed as part of the project, with the goal of specifying these behavioral aspects of the ICAV 
system development, which included different measures of reaction time to the warning and 
deceleration achieved during the braking period. These tests used different approaches and are 
thus discussed separately. The first set of tests, the CAMP-style normal- and hard-braking 
experiment, was used to determine the applicability of data from the Collision Avoidance Metrics 
Partnership Forward Collision Warning project (Kiefer et al., 1999) to the intersection violation 
warning problem. Furthermore, this first set of tests was meant to provide behavioral information, 
in the form of upper bounds on how late drivers were willing to brake during an intersection 
approach, that would drive early versions of the computations subsystem. The second set of tests, 
standardized on-road tests of DVI and computations, were then used to fine tune the computations 
subsystem and determine the effectiveness of various DVIs in communicating the warning. As 
part of this process, laboratory tests of various DVIs were also completed to provide a decision 
basis to select the DVIs that were used for on-road tests. 
 

CAMP-STYLE NORMAL- AND HARD-BRAKING EXPERIMENT 

Protocol 
This experiment measured driver performance variations in normal and hard braking to an 
intersection stop line for two different speeds and for two different traffic control devices. The 
methods used replicated CAMP methods to the greatest degree possible so that the results could be 
compared. The primary difference was that the CAMP experiments measured driver response to a 
stopped lead vehicle, while the ICAV normal and hard braking experiment measured response to a 
traffic signal or stop light. 
 
After signing an informed consent form and receiving a brief orientation, participants drove the 
experimental vehicle onto the Smart Road. Tests were conducted during daylight hours and on dry 
roads with no other vehicles present. An in-vehicle experimenter was seated behind the participant 
at all times providing instruction and answering questions as necessary. Participants drove 1.2 km 
(0.75 mi) loops on the Smart Road while crossing a four-way signalized intersection. Driver-
participants approaching the intersection were told to perform a normal or hard last-second stop to 
avoid crossing the intersection stop line. Below are example normal braking instructions for the 48 
kph (30 mph) stop-sign trials (these replicated those used in the CAMP study as closely as 
possible). Keywords that would change for other trials are boldfaced and italicized. 

“Normal Braking instructions: During this trial, accelerate smoothly to a speed of 30 mph 
and maintain this speed while approaching the intersection. As you approach the stop sign, 
brake at the last possible second using normal braking intensity in order to stop at the stop 
bar without going over it. Remember, 30 mph, normal braking.” 



Participants 

This study was an on-road experiment with 12 participants equally split by gender. There were 
two age groups: 18 to 30 and 55 to 70 years old. Standard VTTI eligibility, health, and vision 
screening procedures were used. In addition, drivers who had previously participated in similar 
intersection studies were not eligible. 
Independent variables 

The independent variables for this experiment included: 
• Braking task instructions (drivers were asked to brake at the last moment they thought 

possible to stop without entering the intersection, using either a rate they considered 
normal, or a rate they considered hard). 

• Intersection control (stop sign or signal). 
• Cruising speed (48.3 and 72.4 kph [30 and 45 mph]). 
• Participant age (older [55 to 70] or younger [18 to 30]). 
• Participant gender (male or female). 

The first three independent variables were crossed in a 2x2x2 within-subjects design which 
resulted in every participant being exposed to eight conditions. Conditions were partially 
counterbalanced using a Balanced Latin Square approach. Each condition was replicated four 
times for a total of 384 intersection approaches. 

Dependent variables 

Dependent variables for the test included the following: 
• Peak deceleration (g): Maximum driver-induced deceleration during the stop. 
• Constant deceleration (g): Computed driver-induced average deceleration through the 

braking period (bounded by distances from the intersection at the beginning and end of 
the braking effort), as calculated in Equation 1: 

where, a = constant deceleration as a proportion of g 
V = vehicle speed at the point when the driver initiated braking (m/s) 
g = gravitational acceleration constant (9.81 m/s2)
Di = Distance to intersection when the driver initiated braking (m) 
Df = Distance to intersection at which the vehicle stopped (m). 

• Required deceleration (g): Driver-induced deceleration that would be needed for the 
vehicle to stop at the stop bar, based on the point when the driver initiated braking, as 
calculated in Equation 2: 
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where, a = constant deceleration as a proportion of g 
V = vehicle speed at the point when driver initiated braking (m/s) g 
= gravitational acceleration constant (9.81 m/s2) 
Di = Distance to intersection when driver initiated braking (m) 

 
This measure is considered to be equivalent to the CAMP Required Deceleration 
Parameter (RDP). 

 
It was expected that these variables would increase for the hard braking versus the normal braking. 
Dependent variables were not expected to change with intersection control, cruising speed, or 
any of the demographic variables. 
 
Equipment 
No special preparations were required. The testbed vehicle contained a computer to run the 
ICAV software, as well as a real-time DAS. The DAS installed onboard the testbed vehicle 
sampled and recorded time, vehicle position, speed, and acceleration, as well as brake and gas 
pedal positions. Video data were also collected, but were not analyzed. The Smart Road was 
used for a controlled test environment to conduct a matrix of braking performance evaluations. 
 
Data Reduction and Analysis 
Data in the form of text files were reduced using a custom-written Matlab program that calculated 
the dependent variables for each participant. The resulting reduced data were then analyzed in 
Excel and SAS. Repeated-measure ANOVAs were used to test for significant differences as a 
function of Braking Instruction, Traffic Control Device, Speed, Age, and Gender variables. The 
Type I error was set at 0.05. 
 
Results 
There were 384 data points (12 participants x 2 speeds x 2 traffic control devices x 2 braking 
instructions x 4 replications of each condition). As shown in Table 37, the independent variables of 
age, gender, speed, and traffic control device did not significantly affect any of the dependent 
variables. The main effects of braking-instruction and the speed-by-braking instruction interaction 
were significant for all three dependent variables. 
 

Table 37. Summary of ANOVA results with p values for significant results (NS = not 
significant at α= 0.05). 

Dependent Variables 
Independent Variables 

Constant 
Deceleration 
(N=384) 

Required 
Deceleration 
(N=384) 

Peak 
Deceleration 
(N=384) 

Age NS NS NS 
Gender NS NS NS 
Speed (30/45 mph) NS NS NS 
Braking Instruction <0.0001 <0.0001 <0.0001 
Speed x Braking Instruction 0.0354 0.0230 0.0070 
Traffic Control Device NS NS NS 



Constant deceleration was significant for braking condition (F[1,8] = 54.9, p <0.0001). Figure 29 
presents the mean, standard deviation bars, and the 15th and 85th percentile values for normal and 
hard braking for constant deceleration. There was very little overlap between the hard and normal 
braking ranges, but the 15th percentile hard-braking value (0.28 g) was very close to the 85th

percentile value for normal braking (0.31 g). 

Figure 29. Constant Deceleration in g by braking condition (p <0.0001).

The speed by braking condition interaction (F [ 1, 11 ] = 5.75, p =0.03 54) demonstrated that for 
hard braking, the mean constant decelerations were very close for the 48.2 and 72.4 kph (30 and 
45 mph) conditions (0.41 g and 0.40 g, respectively), while for normal braking, the 48.3 kph (30 
mph) condition resulted in lower braking than the 72.4 kph (45 mph) condition (0.22 g and 0.26 
g). The cumulative distributions shown in Figure 30 also demonstrate this interaction. Basically, 
driver definition of hard braking to an intersection is independent of speed, while driver definition 
of normal braking is dependent on speed over the two speeds tested, with lower cruising speed 
resulting in lower normal deceleration. 
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Figure 30. Cumulative distribution of Constant Deceleration in g by braking condition and 
speed. Each curve represents 96 trials (12 participants X 2 traffic control devices X 4 

replications). 

Required deceleration was significant for braking condition (F[1,8] = 49.61, p <0.0001). Figure 31 
presents the mean, standard deviation bars, and the 15th and 85th percentile values for normal and 
hard braking for this measure. Once again the 15th percentile hard-braking value (0.27 g) was very 
close to the 85th percentile value for normal braking (0.30 g). The speed by braking condition 
interaction (F[1, 11] = 6.96, p = 0.0230) showed the same pattern as before: the mean required 
decelerations were very close for the 48.2 and 72.4 kph (30 and 45 mph) hard braking conditions 
(0.40 g and 0.39 g, respectively), while for normal braking, the 48.3 kph condition resulted in 
lower braking than the 72.4 kph condition (0.22 g and 0.25 g). The cumulative distributions for 
this interaction are shown in Figure 32, and are very similar to those seen for constant 
deceleration. 
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Figure 31. Required deceleration in g by braking condition (p <0.0001).

Figure 32. Cumulative distribution of Required Deceleration in g by braking 
condition and speed. Each curve represents 96 trials (12 participants X 2 

traffic control devices X 4 replications). 

Braking condition had a significant effect on peak deceleration (F[1,8] = 73.0, p <0.0001).
Figure 33 presents the mean, standard deviation bars, and the15th and 85th percentile peak 
deceleration values for normal and hard braking. For this measure there was a larger spread 
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between 15th percentile hard-braking value (0.43 g) and the 85th percentile value for normal 
braking (0.46 g). The speed by braking condition interaction (F[ 1, 11 ] = 10.95, p = 0.0070) 
demonstrated once again that for hard braking, the mean 48.2 and 72.4 kph (30 and 45 mph) 
peak decelerations were very close (0.60 g and 0.58 g, respectively), while for normal braking, 
the 48.3 kph condition resulted in lower peak braking than the 72.4 kph condition (0.34 g and 
0.38 g). The cumulative distributions shown in Figure 34 demonstrate a larger variance in 
individual braking behavior for peak deceleration as compared to constant deceleration and 
required deceleration (as evidenced by the more gradual slope). 

Figure 33. Peak deceleration in g by braking condition (p <0.0001).
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Figure 34. Cumulative distribution of Peak Deceleration in g by braking condition and 
speed. Each curve represents 96 trials (12 participants X 2 traffic control devices X 4 

replications). 

Discussion
The experimental goal for this experiment was to compare driver behavior when approaching a 
stopped lead vehicle (already obtained in FCW tests) with driver behavior when approaching an 
intersection stop bar. Table 38 demonstrates that the results of this experiment do not replicate 
the results of the CAMP FCW experiment for the stationary lead vehicle condition in terms of 
how hard the drivers were willing to stop. Drivers appear to be willing to brake harder in response 
to a red traffic light or stop sign than to a stopped lead vehicle. Kiefer et al. (1999) found that the 
50th percentile hard braking was nearly equal to the 95th percentile normal braking. As seen in 
Table 38, this finding also held true for the current study, although close alignment was also 
found between 15th percentile hard braking and 85th percentile normal braking. 

Table 38. Comparison to CAMP FCW Results. 

Experiment Condition and 30 mph 45 mph 
Percentile
Normal 95thCAMP FCW RDP .27g .32g
Hard 50th .29g .34g
Normal 95thICAV Required .34g .38g
Hard 50thDeceleration .37g .37g

There are several possible reasons for these differences. One explanation is that driver 
perception of risk for the two scenarios may be quite different. For the stopped-lead-vehicle 
case, the driver may begin braking earlier for the intersection case because the penalty for 
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overshooting the rear of a stopped lead vehicle is much higher than the penalty for overshooting 
the stop bar. A stopped lead vehicle also has a larger looming effect in the visual field than does a 
stop bar, stop sign, or traffic light. However, the intersection participants were instructed to stop 
at the stop bar, so once they did begin to brake, they may have had to brake harder than in the 
CAMP FCW study in order to stop by this point. There may also have been subtle differences in 
the way the CAMP RDP and the ICAV Required Deceleration measures were calculated. Finally, 
there is a possibility of differences in the sensors used to measure deceleration in the two studies. 
Despite the fact that there were differences between the ICAV and CAMP results, the ICAV 
normal- and hard-braking experiment provided invaluable insight into the too-late parameters 
used in the later computations and DVI experiments. The ICAV normal- and hard-braking 
experiment provided bounds on “too late” warning timings which reduced the number of warning 
timings that had to be considered in the later experiments. 
 
Once these data were available and prior to running further on-road tests, user preference studies of 
different DVI options were completed. These studies are discussed in the next section. 
 
USER PREFERENCE TESTS OF AUDITORY AND VISUAL WARNINGS 
 
Prior to initiation of further on-road tests, which are described in the next section, user preference 
tests were conducted. These tests were used to refine the number and type of DVIs that would be 
considered within the on-road experiments, maximizing the use of project resources. The results of 
these tests are briefly summarized here. There were three separate phases to the user preference 
tests: an initial human factors expert evaluation, general population user preference tests, and a 
final human factors expert evaluation. 
 
Initial Human Factors Expert Evaluation 
Eight human factors (HF) experts evaluated an initial set of auditory and visual warning designs in 
a laboratory setting. These experts were recruited from among the more than 30 full time HF 
professionals employed at VTTI and were not involved in ICAV research efforts. The initial group 
of visual warnings (Figure 35) was created in Microsoft Visio, Word, PowerPoint, and Adobe 
Photoshop. The designs were either modified from existing icons or developed using drawing 
tools. The HF experts were asked to rank the icons to be used as intersection violation warnings 
from 1 to 12 without repeating rankings, with 1 being the best and 12 being the worst. The 
experimenter took a laptop computer with all of the visual and auditory icons to the offices of each 
of the experts where the rankings were performed. For the visual icons, the icon was presented in 
steady mode (no flashing). Note that in both the visual icons and auditory warning descriptions 
there are items labeled “old.” This indicates items that were replaced in later testing of the general 
population and additional human factors experts; replacement items for these tests were then 
labeled “new.” 
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Figure 35. Pictures used as Visual Warnings for Initial HF Expert Evaluation. 

The initial large set of auditory warnings was developed using sound-editing/creator software 
obtained through the Internet. Project personnel then determined which 12 would be included in 
the HF expert evaluation. HF experts ranked the auditory warnings on 3 dimensions of urgency, 
appropriateness, and distinguishability. The 12 auditory warnings used for the expert evaluation 
are described below. 
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1. Tone- High-pitch wooing. 
2. Tone- 1500 to 2000 sweep 75 ms - 1 s. 
3. Auditory Icon- Car screech 1. 
4. Tone- CAMP1 (Kiefer et al., 1999). 
5. Tone- CAMP2 (Kiefer et al., 1999). 
6. Tone- 2600 and 7800 Hz - 1 s. 
7. Auditory Icon- Car screech 2. 
8. Tone-TO-WARN, 4 beeps. 
9. OLD Tone- missile-beep2. 
10. OLD Tone- missile-beep3. 
11. OLD Auditory Icon- Siren. 
12. OLD Tone-WPT-BEEP. 

The top three visual displays chosen in the initial HF expert evaluation are shown in Figure 36. 
The top three auditory warnings were: 

1. Tone-CAMP 1 (warning 4). 
2. Tone- High-pitch wooing (warning 1). 
3. Tone-CAMP 2 (warning 5). 

 HC A

Figure 36. Top 3 visual warnings from initial HF expert evaluation. 

General Population Usability 
The three designs (lowest four for auditory) that fared the worst in the initial expert evaluation 
were replaced with new designs and the new sets were then re-evaluated by a group of 
participants from the general population. Twelve participants were recruited to evaluate 12 
auditory and 12 visual displays that were presented on a notebook computer and on laminated 
sheets. Participants were equally split by gender. There were three age groups, also equally 
represented: younger (18 to 30 years old), middle (30 to 55 years old), and older (55+ years old). 
The participants were escorted to a conference room in which they read and signed an informed 
consent form if they agreed to participate in the study. 

The participants were first presented the auditory warnings to rate on the three dimensions of 
urgency, distinguishability, and appropriateness. They were asked to rate each auditory warning 
on the three dimensions using a 5-point Likert scale, from 1=strongly agree to 5=strongly disagree. 
The questions relating to the dimensions were as follows: 
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a) This warning conveys the appropriate amount of urgency. 
b) This warning is distinguishable from other warnings that the driver may hear. 
c) This warning is appropriate for its intended meaning. 

 
The twelve auditory warnings used in this portion of the study were: 

1. Tone- High-pitch wooing. 
2. Tone- 1500 to 2000 sweep 75 ms - 1 s. 
3. Auditory Icon- Car screech. 
4. Tone- CAMP 1- 1 s. 
5. Tone- CAMP2- 1 s. 
6. Tone- 2600 and 7800 Hz - 1 s. 
7. Auditory Icon- Car screech 2. 
8. Tone-TO WARN, 4 beeps. 
9. NEW Speech- “Stop for red light.” 
10. NEW Speech- “Stop for stop sign.” 
11. NEW Speech- “Stop.” 
12. NEW Speech- “Stop,” more urgent. 

 
Participants were also shown the visual warning candidates (Figure 37) and asked to rank them 
from 1 to 12, with 1 being the best and 12 being the worst. 
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Figure 37. Pictures used as visual warnings for the general population study (and later for 
the final HF expert evaluation). 

Due to a computer malfunction, the data from one participant had to be thrown out, leaving 11 
usable participants for the auditory warnings. The top three visual displays chosen by the 
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general population are illustrated in Figure 38. The top three auditory warnings from this section of 
the study were: 

1. Speech- “Stop for stop sign” (new warning 10). 
2. Speech- “Stop for red light” (new warning 9). 
3. Speech- “Stop”- more urgent (new warning 12). 

New L New J H
Figure 38. Top three visual warnings from general population. 

Final Human Factors Expert Evaluation 
Because the general population study produced ambiguous results for the visual warnings, a 
follow-up evaluation of the visual displays was conducted with seven human factors experts. The 
initial HF experts had overwhelmingly chosen design C (Red stop sign with black background) as 
the best, while the results from the general population survey placed a similar design (same icon, 
but with a yellow background) as best, but not by as wide a margin as in the initial expert 
evaluation. Since this was one of the new designs, it was decided to perform a follow-on evaluation 
of HF experts with the same set of visual icons used for the general population study (Figure 37). 
The same ranking system was used (where 1 = best and 12 = worst). The top three displays chosen 
in the second expert evaluation are illustrated in Figure 39. This time, warning C (stop sign with 
black background) still came out on top, but not by as wide a margin as before. The design 
preferred by the general population group came third in this evaluation. 

 H C L
Figure 39. Top three visual warnings from second expert evaluation. 
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Design C (the red stop sign with a black background) was selected for the visual display to be used 
in on-road studies, since it was rated highest twice by the experts, and since it was visually similar 
to the top design chosen by the general population (the only difference was a yellow background 
for the general population). Given ambiguousness in the auditory warnings in the general 
population, the decision was made to go back to the top auditory warning for the initial expert 
evaluation, the CAMP1 sound. The urgent verbal “STOP” was chosen as the second best. A “Red 
Light - Stop” or “Stop for Red Light” verbal message was selected as the third choice, should three 
auditory warnings be needed for on-road testing. 
 
Once this phase was completed, on-road tests of the various DVI Types began. The results for 
these tests are described in the following section. 
 
 

STANDARDIZED ON-ROAD TESTS OF DVI AND COMPUTATIONS 

Research Design and Philosophy for On-Road Tests of DVI and Computations 
From the beginning of the ICAV project, it was recognized that the DVI and computations 
subsystems were intricately intertwined. For example, optimal warning onsets were expected to 
differ as a function of different interfaces. The intent of the project’s on-road testing phase was 
three-fold: (1) to conduct iterative tests to best optimize both the warning itself and the warning 
onset threshold, (2) to test a sample of interfaces that covered the spectrum of alternatives 
available to future designers of ICAV systems, and (3) to determine the implications of these 
results on algorithm development. These goals had to be achieved within the time constraints 
imposed on the project. The following steps were thus taken to accomplish these goals: 

1. Determine the much too-late bounds of warning timing by collecting data on last 
second, hard-braking intersection approaches (described earlier as the CAMP-style 
hard-braking results). 

2. In parallel with #1, conduct laboratory user preference tests of visual and auditory 
warnings so that on-road testing would begin with an optimal auditory/visual 
combination (described earlier as DVI user preference tests). 

3. Begin a test for optimal warning onset for DVI combinations selected for further 
testing during the user preference study. 

a. Run a group of participants at what is likely to be considered a too-late 
warning onset. 

b. As soon as one of them does not stop or stops within a pre-specified collision 
zone (i.e., more than 9.1 m (30 ft) after the intersection stop bar; see Dependent 
variables section below), back the warning onset by a predetermined increment 
of TTI (0.1 s in the 56.3 kph (35 mph) case, 0.15 s in the 72.4 kph (45 mph) 
case) and begin running a new group. 

c. Unless 3b occurs, continue to run until 16 participants have been run and all 
stop before reaching the collision zone. Balance the group by age and gender. 
This provides a 95th percentile warning compliance confidence interval of 
approximately 80-100 percent. 



 

d. Run a baseline group of 16 participants at the same warning onset TTI, but 
providing no warning. 

e. If the warning design reaches the too-early boundary determined in #1 above, 
terminate the search for an optimal timing (do not increase the TTI as in Step 
3b). Instead, run a set of 16 participants at a pre-selected timing for comparison 
(baseline) purposes. (These timings were selected based on the results obtained 
for the “STOP” + visual warning, which was found to represent a best case for 
these warning modalities during initial testing. The optimal points for this 
warning were found to be at 2.65 s at 56.3 kph [35 mph] and 3.35 s at 72.4 kph 
[45 mph].) 

f. Run tests using this same method for any different speed or warning design 
required. 

g. Run additional baseline groups if needed for modeling purposes. 
4. The optimal warning onset TTI for any particular warning design would be the point 

at which all 16 participants stopped before reaching the collision zone. Any warning 
onset TTI smaller than the optimal would be considered too late. 

5. In addition to these “optimality” tests, an on-road usability study was conducted using 
haptic soft-braking pulses as the warning modality. Given the exploratory nature of the 
study, a single warning timing was selected to match the warning timing of the “STOP” 
auditory + stop-sign visual warning. 

 
This method required the same protocol be followed for all testing so that results could be 
compared for both computations and the DVI subsystems. This method was also found to be the 
most efficient way to conduct the iterative testing required to optimize both the warning onset 
threshold and the DVI. The resulting data set allowed comparisons to be made between: 

• Different DVIs run at the same warning onset TTI. 
• Results for any given DVI’s optimal warning onset TTI and results for the baseline 

(no warning) condition for that same TTI. 
• Different DVIs at their corresponding optimal warning onset TTIs. 

 
This method also allowed inference regarding what aspects of DVI design are resulting in 
improved (or degraded) driver performance. These inferences can be used to help predict how 
different DVIs would perform in similar testing. In other words, the optimized warning 
threshold test results for various DVIs provided upper and lower bounds for the optimized 
warning threshold for other types of DVIs. These upper and lower bounds should allow 
experimenters to use informed engineering judgment regarding the correct warning onset for a 
particular DVI, reducing the number of warning timings that have to be tested. 
 
Standardized Method for On-Road Tests 
 
Protocol and Participants 
The protocol involved use of occlusion goggles for 2 s at random intervals as the participant was 
driving up and down the Smart Road. The participant occasionally encountered cross traffic (a 
confederate vehicle) at the intersection, although never at the same time as an occlusion. For the 
surprise presentation of the DVI, a second confederate vehicle followed the participant vehicle (at 
a safe distance) and an occlusion occurred right before the intersection. While the driver was 
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occluded, the light was changed to yellow. When the occlusion cleared, the driver was 
simultaneously presented with the DVI (auditory, visual, haptic, soft-braking, or some combination 
of these) and the yellow light (which was counting down during the occlusion). The timing of the 
yellow light was such that shortly after the clearing of the occlusion the light became red; thus, any 
intersection crossing would be a violation. The participant might be expected to think that there 
would be cross traffic, and thus respond to the yellow light more urgently than might otherwise be 
the case, while at the same time being aware of the following vehicle. This protocol seemed to 
present the most realistic scenario in intersection studies. Another advantage to this scenario was 
that is seemed to represent a worst-case scenario in that the driver might not be willing to brake 
hard because of the following vehicle and the threat of a rear-end collision. Thus, a system that 
showed promise in making a driver stop for the following vehicle scenario might be expected to 
produce even better results when there is no following vehicle. 
 
The method of limits was used to assist in shifting warning timing when the goal was the 
optimization of this parameter (adapted to a macro scale from the field of psychophysics). Drivers 
were first presented with a warning that was considered to be much too late to allow them to stop in 
response to the warning. After a pre-established number of drivers did not stop at a particular 
warning timing, the warning timing was adjusted to be not as late. This process continued until a 
warning timing was found that resulted in 100 percent of participants (i.e., 16 out of 16) stopping at 
the intersection after receiving the warning. As the timing of the warning was improved, and all 
drivers in a warning group complied with the warning, a matched set of drivers receiving no 
warning was run under the exact same conditions to provide baseline data (to show whether the 
warning provides a benefit above and beyond what a driver would do in the absence of a warning). 
Baseline conditions also used 16 participants. Note that the method of limits was not used for 
exploratory experiments of novel DVI types (e.g. haptic pulses). In this case, the warning timing 
was not varied, and eight participants were run per condition. However, the same experimental 
protocol was applied for these comparison tests. 
 
The experiment took approximately 45 minutes per participant. Participants were only run when 
the road was dry since the experiment involved potentially hard braking and the possibility of 
skidding on wet roads. Two age groups were used for the experiments using the occlusion glasses 
standardized protocol: younger driver ages 18 to 30 and older drivers ages 50 and older. 
Altogether, 355 subjects were run using this protocol, of which 264 provided valid data points 
(resulting in an invalid response rate of 26%). Invalid data points were caused by several factors, 
the most common of which were drivers removing their foot from the gas pedal as they approached 
the intersection or as the goggles were occluded (most of the dependent variables could not be 
calculated for these cases, which comprised about 80% of invalid data points), experimenter error 
(e.g., opened the wrong program or forgot to start data collection; about 10% of invalid data 
points), and equipment failure (either testbed vehicle, intersection, or communications; about 10% 
of invalid data points). In addition, approximately 30 pilot participants were used to develop and 
refine the protocol. 
 
Independent variables 
The independent variables were specific to each test being conducted, and are fully described in 
the appropriate sections. In general, the primary independent variable for interface-evaluation 
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tests was DVI type, with participant Age and Gender used as blocking factors. Comparison tests 
considered travel speed, traffic control device, and TTI as independent variables (as needed), with 
Age and Gender usually serving as blocking factors. Blocking factors are those nuisance factors 
which may influence the results, but are not the primary area of interest in the study. They are 
therefore controlled to the degree possible to account for their effects. 
 
Dependent variables 
A substantial number of dependent variables were collected for the behavioral and computational 
tests. The majority of these variables were objective, but some subjective data were also collected 
through questionnaires. In all cases, the set of variables attempts to uniquely characterize each 
participant’s surprise intersection approach. 
• Trial outcome (Stop or Did Not Stop): Whether the trial resulted in the participant 

stopping prior to entering the collision zone or not. 
• Distance before the stop bar (m): Vehicle’s distance to intersection once its speed was 

less than 0.2 m/s (0.4 mph). The threshold was selected to eliminate incorrect triggers 
due to noise in the positioning data. 

• Stopping zone: Four different zones were defined, depending on the vehicle’s distance 
with respect to the stop bar. These zones are specific to the Smart Road intersection and 
its approach configurations. The width of the zones will vary depending on intersection 
geometry. The zones were defined as: 

o Collision Zone – Vehicles that did not stop or that stopped at or more than 9.1 m 
(30.0 ft) into the intersection. For the Smart Road intersection, this distance 
represented the location at which cross traffic could first be encountered. 

o Intrusion Zone – Vehicles that stopped less than 9.1 m (30.0 ft) and at or more than 
4.6 m (15.0 ft) into the intersection. The testbed vehicles measured close to 4.6 m in 
length, so at this distance the rear end of the vehicle would be completely over the 
stop bar. 

o Violation Zone – Vehicles that stopped less than 4.6 m (15.0 ft) and more than 0.0 
m (0.0 ft) into the intersection. In this zone, some portion the testbed vehicle would 
be over the stop bar. 

o No Violation Zone – Vehicles that stopped at or less than 0.0 m (0.0 ft) into the 
intersection (i.e., did not cross the stop bar during the stop). 

• Peak deceleration (g): Maximum driver-induced deceleration during the stop. 
• Constant deceleration (g): Driver-induced deceleration through the braking period, as 

defined in the CAMP-style tests section. 
• Required deceleration (g): Driver-induced deceleration that would be needed for the 

vehicle to stop at the stop bar, as defined in the CAMP-style tests section. 
• Time to accelerator release (s): Time from the onset of the stimulus to the onset of 

accelerator pedal release (operationally defined as the first decrease in accelerator 
position, after stimulus onset, of more than 2.5% in 0.1 s). For the warning conditions, the 
stimulus was the simultaneous presentation of warning and the yellow light. For no-
warning conditions, the stimulus was the presentation of the yellow light (since the 
occlusion was cleared simultaneously with the warning, and the light was already yellow 
when this occurred). 

• Time to brake (s): Time from the onset of the stimulus to the onset of brake application 
(operationally defined as the first increase in brake position, after stimulus onset, of more 
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than 5% in 0.1 s). For the warning conditions, the stimulus was the simultaneous 
presentation of warning and the yellow light. For no-warning conditions, the stimulus 
was the presentation of the yellow light. 

• Time from accelerator to brake (s): Time from the onset of accelerator pedal release 
(operationally defined as the first decrease in accelerator position, after stimulus onset, of 
more than 2.5% in 0.1 s) to the onset of brake application (operationally defined as the first 
increase in brake position, after stimulus onset, of more than 5% in 0.1 s). 

• Time to peak deceleration (s): Time from the onset of the stimulus to maximum driver-
induced deceleration. For the warning conditions, the stimulus was the simultaneous 
presentation of warning and the yellow light. For no-warning conditions, the stimulus 
was the presentation of the yellow light. 

• Time from brake to peak deceleration (s): Time from the onset of brake application 
(operationally defined as the first increase in brake position, after stimulus onset, of more 
than 5% in 0.1 s) to maximum driver-induced deceleration. 

• Maximum brake velocity (%/s): Maximum increase in brake position per unit time. 
Calculated based on successive brake position samples down-sampled to 10 Hz (from the 
original 100 Hz rate). 

 
Equipment 
In order to make the occlusion goggles scenario as safe as possible, a steering wheel delimiter was 
designed and installed in the testbed vehicle. This prevented the participant from steering the 
vehicle more than ±5 degrees from the direction of travel when the steering delimiter was activated 
(at the same time as goggle occlusion). This was done in lieu of a second steering wheel such as has 
been used in other studies (such as CAMP). Given that the goggles were only occluded for up to 2 
s, this was felt to be an adequate solution (in other studies, the goggles had remained mostly 
occluded with occasional clearing episodes, so the experimenter had to do all of the actual 
steering). 
 
Data Reduction and Analysis Techniques 
The dependent variables for the study were examined for consistency before being subjected to 
any analysis process. Custom software was created in the Matlab environment (MathWorks, 
Natick, MA) to identify the surprise trial within the data, calculate the dependent variables of 
interest, and produce plots that aided in data integrity verification. 
 
Data were analyzed based on their dependence with the construct of driver response time. 
Conceptually, there are two steps required for a successful intersection stop: (1) analyze, 
formulate, and initiate a response plan to the stimulus requiring the stop, and (2) adapt and 
complete the execution of the plan based on any sensory feedback. Both steps can be quantified 
using different dependent variables. However, the dependent variables that characterize the 
second step might not be independent of those that characterize the first step. For example, it is 
possible that a driver who takes longer to react to the “STOP” stimulus (Step 1) would brake 
harder (Step 2) in order to stop at the same point as a driver with a faster reaction time. If 
dependence were found between variables in Step 1 and Step 2, that dependence would have to be 
accounted for and corrected in any analyses using Step 2 variables. All of the dependent variables 
described above can be classified according to the step that they quantify: 

• Analysis, formulation, and initiation of the response plan (Step 1, plan initiation). 
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o Time to accelerator release. 
o Time to brake. 
o Time from accelerator to brake. 

• Adaptation and completion of the response plan (Step 2, plan execution). 
o Time to peak deceleration. 
o Time from brake to peak deceleration. 
o Distance before the stop bar. 
o Peak deceleration. 
o Constant deceleration. 
o Required deceleration. 
o Maximum brake velocity (%/s). 

 
In order to determine the need for correction factors, a correlation analysis was performed 
between the Step 1 and Step 2 variables. Given that correlation analysis quantifies the degree of 
linear relationship between variables, transformation of variables was also examined in this 
process, as a means of maximizing the correlations. 
 
Once the correlations were completed and any relationships between Step 1 and Step 2 variables 
established, statistical analysis of variance was performed. Dependent variables for which no 
correction was needed (i.e., all Step 1 variables and Step 2 variables that exhibited no correlation 
with Step 1 variables) were analyzed using traditional analysis of variance (ANOVA) techniques. 
Dependent variables that required a correction were analyzed using either analysis of covariance 
(ANCOVA) for the blocking factors or multivariate regression for between DVI type 
comparisons. As previously discussed, the independent variable in these analyses was the DVI 
type, with participant Age and Gender used as blocking factors. 
 
The “Trial Outcome” and “Stopping Zone” variables were considered and analyzed separately 
since they were discrete variables which did not require any correction. These variables were 
analyzed based on proportion of occurrence for each trial. Confidence intervals (95th percentile) 
were established to determine overlap between different experimental groups and infer 
statistically significant differences. These confidence intervals were based on the binomial 
distribution, which describes the probability of discrete outcomes when observations are 
independent. 
 
DVI Types Considered 
 
Haptic Pulses 
Five different brake pulse warnings were evaluated in this set of tests. The brake pulse parameters 
were selected based on previous research as well as engineering judgments and system 
constraints. Based on the research of Kiefer et al. (1999), a pulse duration upper limit of 600 ms 
was chosen. The lower limit for pulse duration was set at 160 ms (based on system limitations, in 
that the system deceleration could not reach the required 0.3 g with pulse durations of less than 
160 ms). The number of pulses varied between one, three, and continuous. The pulses were 
separated by a 100 ms off-period for conditions with more than one pulse. The 600 ms-1 pulse 
participants experienced a jerk of approximately 12 g/s, whereas the remaining 4 groups 
experienced a jerk of 3 g/s, which is similar to the jerk used by Kiefer et al. (1999). 



A partial factorial design was used to test the brake pulse warnings (Table 39). Note that all haptic 
brake pulse trials were conducted at an instructed speed of 56.2 kph (35 mph). Through 
exploratory evaluation, it was determined that a 160 ms-1 pulse warning would likely be 
ineffective, and continuing 600 ms pulses felt very similar to 3 pulses of 600 ms each. Thus, these 
conditions were not used, resulting in the partial factorial design. A 380 ms-3 pulse warning was 
included as one of the surprise trials to examine changes in driver behavior due solely to changes 
in pulse duration. The haptic warning braking system was closed-loop (i.e., designed to deactivate 
the auxiliary system braking when the participant began to brake or accelerate). For each warning 
condition, the participant group was split equally between age and gender. However, an additional 
participant (younger male) was included in the 600 ms-3 pulse condition and his data were 
maintained in the database. 

After the surprise trial, each participant received four additional trials in which they were asked to 
evaluate four different brake pulse conditions. The continuing pulses, 160 ms condition was not 
included in the additional trials because participants would likely have only received the 
equivalent of a 160 ms-3 pulse condition before beginning their responses. Note that all haptic 
brake pulse trials were conducted at an instructed speed of 56.2 kph (35 mph). 

Table 39. Haptic brake pulse condition experimental design. 
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Haptic Brake Pulse Parameters Age 

Deceleration Jerk Pulse 
Duration 

Number 
of Pulses Young Old 

12 g/s 600 ms 1 pulse S1-4 S5-8 
600 ms 3 pulses S9-13 S14-17 
380 ms 3 pulses S18-21 S22-25 
160 ms 3 pulses S26-29 S30-33 

-0.3 g

3 g/s 160 ms continuing S34-37 S38-41 
      

Number of Pulses 
1 pulse 3 pulses continuing 
   
600 ms 600 ms    

 380 ms    Pu
ls

e 
D

ur
at

io
n 

 160 ms 160 ms   



 

Combined Visual and Auditory Warnings 
Based on the previously discussed user preference tests, two different auditory warnings were 
tested in combination with a visual warning: the CAMP tone (Kiefer et al., 1999) and a “STOP” 
verbal command. The visual warning consisted of a red stop sign with a white border and white 
text (“STOP”) with a black background (Figure 40). Both auditory and visual warnings were 
presented through the visual display casing mounted on the eyebrow above the dashboard (the 
display casing also housed a speaker for the auditory portion of the warning). 

 
Figure 40. In-vehicle visual warning presented on visual display. 

Combined Haptic and Auditory Warnings 
A continuous steady soft-braking (as opposed to the brake pulses discussed earlier) was combined 
with an auditory verbal warning of “Red Light.” The braking was at a 0.3 g level, selected because 
it represents the maximum level of braking authority commercially available in automobiles with 
Advanced Cruise Control. This particular combination provided both the command aspect 
(braking) and the information aspect (verbal), which was also present in the auditory and visual 
combination (although the command was verbal and the information was visual). For both 
situations, the driver was essentially told what to do (stop) and why to do it (because of a red light 
or stop sign). 
 
Baseline Conditions 
A baseline (no warning) condition was run at every warning-onset TTI for which an optimal timing 
was obtained for a particular DVI Type. These optimal TTI values were 2.03 s and 2.65 s for the 
56.3 kph (35 mph) conditions, and 3.32 s for the 72.4 kph (45 mph) condition. The protocol for 
these tests was exactly the same as for the DVI tests, except that no warning was presented when 
the occlusion cleared. In order to allow for direct comparisons, the timing of the end of the 
occlusion was the same for these baseline conditions as for the warning conditions having the same 
warning-onset TTI. Again, keep in mind that each of the three baseline experimental conditions 
presented below represents a comparison group for an optimal warning distance determined in the 
DVI testing. 
 
Results 
The results for each of these tests are not discussed independently here, as they are of limited 
importance in developing performance specifications and evaluating DVI types in isolation. 
Instead, results are presented in terms of comparisons of the different types of warnings based on 
the dependent variables. Rather than making every possible comparison, the analyses rely on 
comparisons that show incrementally better results for one particular warning type over another. 
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The goal of this approach is not to determine the “best” possible warning, but rather to examine 
the inherent tradeoffs in producing incrementally effective warnings (by comparing gains in 
effectiveness to the effort and/or additional technology required to achieve that gain). This 
technique allows for inferences as to how other types of warnings not tested during these 
experiments might perform in similar tests. 
 
Comparing Warnings against Baseline Conditions 
Each of the warnings for which an optimal timing was determined had an associated baseline for 
which occlusion ended at equivalent TTI. The incremental beneficial effects for each optimized 
warning could be determined by comparing the warnings to their equivalent baseline conditions. 
The majority of the warnings were tested at a time to intersection of 2.65 s. Results for 
compliance percentage and distribution of stoppers within the stopping zones show that each 
warning had beneficial effects as compared to its baseline condition (Table 40). 
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In terms of compliance percentage, most of the haptic brake-pulse warnings seemed as effective as 
the “STOP” + stop sign warning. The CAMP + stop sign warning had a lower compliance 
percentage than any other warning condition in the study. However, there was still a higher level of 
compliance for this warning than for its baseline condition. In addition to its high compliance rate, 
the “STOP” + stop sign warning also resulted in a high percentage of drivers stopping within the 
“No Violation” zone for both speeds at which it was tested. In comparison, other warnings allowed 
substantial percentages of drivers to travel into the “Violation Zone.” The “Intrusion” and 
“Collision” zones were less frequent, and most often occurred in baseline conditions. 
 
The continuous, steady soft-braking + “Red Light” condition was very effective in eliciting a 
stopping reaction from drivers. Not only was its compliance rate 100 percent, but it achieved 
this compliance rate with a shorter TTI than any other warning. In comparison, the baseline 
group presented with this TTI had a 0 percent compliance rate. This indicates that soft-braking 
has the potential to produce the desired driver behavior with few nuisance alarms. 
 
The comparisons based on these macroscopic variables, while informative, do nothing to 
distinguish the particular features within these warnings that determine their effectiveness. For 
example, a warning might be more effective than another because it either produces a shorter 
reaction time or because the driver brakes harder when presented with the warning. These issues 
will be addressed in the next sections, in which small groups of warnings are compared with 
respect to these microscopic dependent variables. 
 
The reader should note that these next comparisons never include baselines. Only a small number 
of participants made the decision to stop in any given baseline group (e.g., 4 out of 16 participants 
in the 2.65 s TTI baseline, compared to 10 out of 16 and 16 out of 16 for some of the warning 
conditions at that TTI). The number of stops in baseline groups was too small to allow any 
meaningful statistical comparisons to warning groups for variables based on a participant choosing 
to stop (e.g., constant deceleration), which are the focus of the next sections. 
 
Comparing the Haptic Brake -Pulse Warnings 
Time to accelerator release (a plan initiation variable) was significantly higher for the 160 ms-3 
pulse condition than for the 600 ms-1 pulse condition (F[1,20]=6.02, p=0.0235). In contrast, five 
of the plan execution variables were affected by the different brake-pulse warning types (after 
correcting for the plan initiation variables): 
• Males receiving the continuing 160 ms pulses warning stopped further into the 

intersection than females in the remaining haptic conditions (t(32)=-2.53, p= 0.0165; 
males in the continuing 160 ms pulses condition: -3.65 m; females in remaining 
conditions: -0.76 m). 

• The 160 ms-3 pulse condition had a significantly higher peak deceleration than all 
remaining groups (t(30)=-4.82, p<0.0001; 3 pulses, 160 ms: -0.61 g; remaining 
conditions: -0.49 g to -0.52 g). 

o There was also a Gender X Brake Pulse Group interaction for peak deceleration; 
males in the 600 ms-1 pulse and 160 ms-continuing pulse groups had a 
significantly lower peak deceleration than the remaining groups (600 ms-1 pulse 
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males: -0.42 g; 160 ms-continuing pulse males: -0.46 g; remaining groups: -0.52 g 
to -0.55 g). 

• Brake-pulse condition also had an effect on constant deceleration (t(33)=-2.82, p= 0. 
0081). The 160 ms-3 pulse condition had a significantly higher constant deceleration than 
all remaining groups (160 ms-3 pulse: -0.38 g; remaining conditions: -0.33 g to -0.35 g). 

• The Brake-Pulse Group also had an effect on required deceleration (t(31)=2.91, 
p= 0. 0067). The 160 ms-3 pulse group required a significantly higher deceleration than 
the remaining groups (160 ms-3 pulse group:-0.39 g; remaining groups: -0.34 to -0.36 g) 

o The required deceleration variable also indicated that younger drivers, excluding 
those in the 380 ms-3 pulse condition, required significantly lower deceleration 
than the older drivers (t(31)=-2.93, p=0.0064; younger not in 380 ms-3 pulse 
condition:-0.34 g; older not in 380 ms-3 pulse condition: -0.37 g). 

• For the maximum brake velocity variable, there was an Age X Brake-Pulse Group effect 
(t(32)=2.45, p=0.0199) and a Gender X Brake-Pulse Group effect (t(32)=3.20, p=0.0031), 
as follows: 

o Younger drivers in the 600 ms-3 pulse group had a significantly lower maximum 
brake velocity than the older drivers not in the 600 ms-3 pulse group (600 ms-3 
pulse younger: 1.19  percent/s; older in remaining groups:1.63  percent/s). The 
younger drivers not in the 380 ms-3 pulse group had significantly higher maximum 
deceleration than younger drivers in the 380 ms-3 pulse group and older drivers 
not in the 380 ms-3 pulse group (younger drivers not in 380 ms-3 pulses group: 
2.00  percent/s; 380 ms-3 pulse younger: 1.37  percent/s; older not in 380 ms-3 
pulse group: 1.37%/s). 

o Females in the 160 ms-3 pulse group had a significantly lower maximum brake 
velocity than males (160 ms-3 pulse females: 1.20 %/s; 160 ms-3 pulse males: 
1.80 %/s; remaining males: 1.65 %/s). 

 
Analysis of subjective data showed some significant differences between the groups. There was a 
significant difference (F[4, 36]=5.42, p= 0.0016) between conditions with respect to annoyance. 
The post hoc test found that participants receiving the 600 ms-1 pulse and the 160 ms-3 pulses 
warnings found them to be significantly more annoying than the groups receiving the 600 ms-3 
pulse and 380 ms-3 pulse warnings. None of the other subjective measures revealed significant 
differences between the warning groups. There were also no significant differences in ratings 
between those participants who stopped and those who did not stop. 
 
Overall, results pointed to few design-relevant differences between the pulses. This suggests that, 
within the boundaries of the pulse settings studied, pulses resulting in more deceleration should 
be preferred over other pulses. If nothing else, these pulses would elicit lower traveling speeds 
than pulses resulting in less deceleration. The next section compares the pulse that resulted in the 
highest deceleration against the “STOP” + stop-sign warning, since these warnings had 
equivalent warning onset TTIs. 
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Comparison of the 600 ms-3 pulses haptic brake -pulse warning to the “STOP” auditory + 
stop-sign visual warning 
None of the three plan initiation variables varied as a function of DVI type. However, several of 
the plan execution variables were affected by the different DVI types as a sole factor after 
correcting for the plan initiation variables. 
• The distance before stop bar variable indicated that younger drivers stopped further into the 

intersection than older drivers (t(21) = 3.79, p= 0.0011; younger: -2.15 m; older: -0.18 m) 
and females stopped further in the intersection than males (t(21)=2.44, p=0.0239; females: -
1.57 m; males: -0.87 m). 

• The peak deceleration variable was also affected by the DVI type (t(22)=-7.41, 
p<0.0001). Those participants receiving the haptic warning had a significantly lower 
peak deceleration than those receiving the “STOP” + stop-sign warning (Haptic:-0.52 g; 
“STOP”:-0.70 g). 

o There was also a significant Gender X DVI-type interaction for peak deceleration 
(t(22)=-2.60, p=0.0165). The difference between peak deceleration for males and 
females receiving the haptic warning was lower than the difference between males 
and females receiving the “STOP” + stop-sign warning (Haptic males: - 0.52 g; 
Haptic females: -0.53 g; “STOP” males: -0.74 g; “STOP” females: -0.67 g). 

• Constant deceleration was significantly affected by DVI type. Those participants 
receiving the “STOP” + stop-sign warning had a significantly higher constant 
deceleration than those receiving the haptic warning (“STOP”: -0.45 g, Haptic: -0.33 g). 

• DVI type also had an effect on required deceleration (t(21)=9.73, p<0.0001). The haptic 
group required a significantly lower required deceleration than the “STOP” + stop-sign 
warning (Haptic: -0.35 g; “STOP”: -0.47 g). 

• DVI type also had a significant effect on the maximum brake velocity (t(22)=3.59, 
p=0.0016) in that the haptic group had a significantly lower maximum brake velocity 
than participants in the “STOP” + stop-sign warning (Haptic: 1.39 %/s; “STOP”: 2.20 
%/s). 

 
Analysis of the subjective data for these two DVI types showed some significant differences. 
Drivers receiving the haptic brake-pulse warning expected the surprise event more than drivers in 
the “STOP” warning group (F[1,23]=6.36, p = 0.019), although this added expectancy put the 
haptic group’s answers in the neutral range (“STOP”: 1.5, Haptic braking: 3.3, where Strongly 
Expected = 7). Finally, participants in the “STOP” condition felt more in control of the vehicle 
during the stop than participants in the haptic brake-pulse group (F(1,23)=9.56, p=0.0051; 
“STOP”: 1.9, Haptic braking: 4.0, where Very Much in Control = 1). 
 
In general, few differences between warning modalities were observed. The main findings were of 
reduced peak, constant, and required decelerations for the haptic group compared to the “STOP” + 
stop-sign warning. These differences were expected, as the haptic warning group had the benefit of 
a vehicle speed reduction during the participant’s reaction time. This speed reduction made the 
subsequent participant-controlled stop less severe. Overall, no detrimental effects were found when 
comparing the haptic warning with the “STOP” warning, suggesting the feasibility of this particular 
haptic brake pulse for ICAV warnings. 
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Note that the warning-onset timing was not optimized for the haptic brake pulse discussed in this 
section. Thus, it is possible that this pulse would result in a later warning onset than the “STOP” 
warning and would thus have an incremental benefit which cannot be concluded from the data at 
hand. A later warning onset would also result in fewer nuisance alarms, as will be discussed 
later. A soft-braking version of the haptic warning was certainly more effective than the “STOP” 
warning (see below). 
 
Comparing the “STOP” auditory + stop-sign visual warning to the CAMP auditory + stop-sign 
visual warning 
Two out of the three plan initiation variables varied as a function of DVI type: 
• Time to brake (F(1,19)=20.74, p=0.0002) was significantly higher for the CAMP + stop- 

sign warning than for the “STOP” + stop-sign warning (CAMP: 0.93 s; STOP: 0.67 s). 
• This additional time was partly due to the transition between accelerator and brake, which 

was faster for the “STOP” + stop-sign warning (F(1,19)=11.36, p=0.0032; CAMP: 0.39 s, 
STOP: 0.26 s). 

 
Several of the plan execution variables were also significant: 
• The time from brake to peak deceleration was significantly affected by DVI type (t(23)=-

2.49, p=0.0205) and the Age X DVI type interaction (t(22)=-2.21, p=0.0372) after 
correcting for the plan initiation variables. 

o The CAMP + stop-sign warning had a longer time from brake to peak deceleration 
than the “STOP” + stop-sign warning (CAMP: 3.51 s; “STOP”: 3.08 s). 

o Older participants in the CAMP + stop-sign warning had a longer time from brake 
to peak deceleration than all other groups (CAMP older: 3.57 s; all other groups: 
2.85 to 3.43 s). 

• The Gender X DVI type interaction was significant for three variables: 
o Distance before stop bar (t(22)=2.51, p=0.0198), in that males in the CAMP + 

stop-sign warning condition stopped further into the intersection than both males 
and females with the “STOP” + stop-sign warning (CAMP males: -6.19 m, 
remaining conditions: -0.28 to -3.16 m). 

o Peak deceleration (t(24)=-2.14, p=0.0429), although no significant differences 
were detected by post hoc tests for this variable. 

o Constant deceleration (t(23)=-3.00, p=0.0065), although no significant differences 
were detected by post hoc tests for this variable. 

 
Taken together with comparisons based on the compliance percentage, these results suggest that 
the “STOP” warning is more effective than the CAMP warning in eliciting a stopping behavior 
from drivers. It accomplishes this by requiring shorter reaction times (~0.25 s less), which are in 
turn mostly due to a quicker transition time between accelerator and brake pedals rather than to a 
quicker time to accelerator release. This 0.25 s can be quite substantial when interpreted in the 
context of a typical reaction time. If 1.5 s is assumed “typical,” the 0.25 s difference represents an 
improvement of 16.7 percent, and represents a difference in stopping distance of 3.90 m (12.8 ft) 
at 56.2 kph (35 mph). The “STOP” warning is also aided by a quicker time from brake to peak 
deceleration than the CAMP warning. Analysis of subjective data showed no significant 
differences for answers to the questionnaire across these two groups. 
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These findings contradict the typical findings of longer reaction times for speech-based auditory 
warnings when compared to tone-based auditory warnings (e.g., Tan and Lerner, 1995). It appears 
that, in the context of an intersection approach, this finding might not be applicable. Thus, the 
effectiveness of a speech-based warning in terms of its elicited response time might be a function 
of the context in which it is presented. Mental processing requirements, which had been assumed 
to be the primary reason for the longer reaction times using speech-based warnings, might be 
higher in determining the meaning of a tone-based warning under an intersection approach context 
than in identifying and understanding a verbal command. 
 
The main drawback of the “STOP” warning is its command-like nature, which could be 
problematic in any litigation process. Automobile manufacturers generally avoid presenting 
warnings that suggest an action to drivers, because there is potential for that action to be incorrect 
in some particular contexts. If the suggested action was incorrect and yet the driver performed the 
action based on the prompt for the warning system, the system designers might be considered liable 
for any resulting damages. In the intersection approach case, this problem could occur if a driver 
decided to brake hard after receiving the warning and was subsequently rear-ended by an 
inattentive following driver. While the rear-end crash might be less severe than the intersection 
crash that may have been averted, it would be difficult to prove this on a case-by-case basis. 
 
The tradeoff between increased effectiveness and the potential for unintended harmful 
consequences for the “STOP” warning must be considered carefully by future designers of ICAV 
systems. It is possible that other, less commanding speech-based warnings may be developed 
which retain the effectiveness observed for the “STOP” warning. One of these warnings was tested 
as part of this investigation and is considered in a separate section, since it was considered in 
combination with a haptic soft-braking warning. Future testing should explore these types of 
warnings by themselves to determine whether the effectiveness observed for “STOP” translates to 
other speech-based auditory warnings. 
 
Comparing the “STOP” auditory + stop-sign visual warning at 35 mph and 2. 65 s TTI to the 
“STOP” auditory + stop -sign visual warning at 45 mph and 3.32 s TTI 
Before results for this comparison are presented, the different TTIs for each of these conditions 
should be explained. The methods section for the DVI experiments described the use of a 
modified method of limits, in which the timing of the warning was varied for some DVI types 
until a 100 percent compliance rate was attained. The “STOP” + stop-sign warning used this 
approach. Thus, at the two different speeds used, independent studies found two different 
acceptable TTIs. These different TTIs suggest a warning threshold curve as a function of speed, 
an implication that will be discussed in a later section. However, the focus of this section is to 
compare the same DVI type under the same compliance rate conditions, which requires the use of 
different TTIs. 
 
Two out of the three plan initiation variables varied as a function of DVI type: 
• Time to brake (F(1,25)=7.14, p=0.0131) was significantly larger for the warning at 56.2 kph 

(35 mph) than for the warning at 72.4 kph (45 mph) (35 mph: 0.67 s; 45 mph: 0.57 s). 
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• This additional time was partly due to the time to accelerator release, which also took 
significantly longer for the 56.2 kph (35 mph) condition (F(1,25)=13.28, p=0.0012; 35 
mph: 0.41 s; 45 mph: 0.26 s). 

 
Four of the plan execution variables were differentially affected by the different warning types as a 
sole factor after correcting for the plan initiation variables: 
• The distance before stop bar variable indicated that participants in the 56.2 kph (35 mph) 

group traveled further into the intersection than participants in the 72.4 kph (45 mph) group 
(t(29)=4.55, p=0.0029; 35 mph: -0.97 m; 45 mph: 2.71 m). 

• Peak deceleration also changed as a function of the DVI type main effect (t(28)=3.41, 
p=0.0020). This measure was lower for the 72.4 kph (45 mph) condition (35 mph: 0.70 g; 
45 mph: 0.59 g), even after accounting for reaction-time variables. The Gender X DVI type 
interaction was also significant for peak deceleration (t(28)=2.74, p=0.0105). Males in the 
56.2 kph (35 mph) group exhibited higher peak deceleration values than all other groups 
(males at 35 mph: 0.74 g, remaining conditions: 0.57 g to 0.67 g). 

• The third variable significantly affected by DVI type was required deceleration, which was 
larger for the 56.2 kph (35 mph) group (t(28)=-3.80, p=0.0007; 35 mph: 0.47 g; 45 mph: 
0.42 g). Note that this effect was significant even after accounting for differences in 
reaction time. The source for these differences is likely the difference in warning onset TTI 
between conditions. Although participants in the 56.2 kph (35 mph) condition were 
traveling at a slower speed, the distance to intersection remaining once they reacted was 
proportionally less than the distance available for participants in the 72.4 kph (45 mph) 
condition. 

• Constant deceleration was significantly affected by the Age X DVI type and Gender X 
DVI type interactions (t(27)=2.76, p=0.0102 and t(27)=2.83, p=0.0086, respectively). 

o Older participants in the 56.2 kph (35 mph) group exhibited higher constant 
deceleration values than all other groups (older at 35 mph: 0.48 g, remaining 
conditions: 0.43 g to 0.44 g). 

o Males in the 56.2 kph (35 mph) group had higher constant deceleration values than 
males in the 72.4 kph (45 mph) group and females in the 56.2 kph (35 mph) group, 
but were not significantly different from females in the 72.4 kph (45 mph) group 
(males at 45 mph: 0.43 g; males at 35 mph: 0.48 g; females at 45 mph: 0.45 g; 
females at 35 mph: 0.42 g). 

 
Analysis of subjective data showed no significant differences for answers to the questionnaire 
across these two groups. 
 
These findings support the utility of the “STOP” warning by testing its effectiveness at a different 
speed and with an entirely different set of participants. Several notable factors were identified in 
this comparison. First, participants at the higher speed were likely to stop faster than participants at 
the lower speed. They also stopped at slightly lower deceleration rates. The reader should note that 
these lower deceleration rates were found to be significant even after adjusting the findings based 
on the faster reaction times. Several factors might have interacted to produce these results. It has 
been reported in the literature that preferred deceleration rates tend to decrease with increased 
speed (e.g., Kiefer et al., 1999), which would support some of the findings involving deceleration 
levels. The higher speed might have made the surprise condition 
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more urgent to drivers (even with the increased TTI for the 72.4 kph [45 mph] condition) and 
thus produced a faster reaction time. In any case, none of the results indicate that this particular 
warning type was less effective at the increased speed. Of course, the tradeoffs concerning this 
warning, which were discussed in the previous section, are still applicable and should be 
considered carefully. 
 
Comparing the “STOP” auditory + stop-sign visual warning @ 2. 65 s TTI to the “Red Light” 
auditory + continuous, steady soft-braking condition @ 2.03 s TTI 
These two warnings were compared because they showcase different modality combinations for 
which optimal timings were obtained. From a warning timing perspective, the condition including 
soft-braking is more desirable, as it allowed the warning to be presented closer to the intersection 
without a measurable loss in effectiveness. Both tests were conducted at 56.2 kph (35 mph). This 
comparison explains the factors involved in allowing the later timing for the soft-braking 
condition. 
 
Two out of the three plan initiation variables varied as a function of DVI type: 
• Time to accelerator release was smaller for the “Red Light” + haptic soft-braking condition 

than for the “STOP” + stop-sign visual warning (F(1,25)=6.03, p=0.0213; soft-braking: 
0.32 s; “STOP”: 0.41 s). 

• The time from accelerator release to brake, however, was significantly larger for the “Red 
Light” + soft-braking condition (F(1,25)=8.59, p=0.0071; soft-braking: 0.39 s; “STOP”: 
0.26 s). These two differences offset one another and resulted in overall time to brake 
values that were not significantly different between conditions. 

 
Several plan execution variables showed significant differences as a result of DVI type after 
correcting for the plan initiation variables: 
• Distance before stop bar was significantly different across groups (t(29)=4.55, p<0.0001). 

Participants in the “STOP” + stop-sign warning condition stopped further into the 
intersection than participants in the “Red Light” + haptic soft-braking group (“STOP”: - 
2.08 m; soft-braking: -0.97 m). 

• Peak deceleration was also significantly different as a function of DVI type (t(28)=3.41, 
p<0.0020). Participants in the “STOP” + stop-sign warning group braked with a higher 
peak deceleration than participants in the “Red Light” + haptic soft-braking warning group 
(STOP: 0.70 g; soft-braking: 0.60 g). The interaction between Gender and DVI type was 
also significant for this measure (t(28)=2.74, p=0.0105). While males in the “STOP” + 
stop-sign warning had significantly higher peak deceleration levels than males in the “Red 
Light” + haptic soft-braking warning, this difference was not observed for females (STOP 
males: 0.74 g, remaining conditions: 0.57 to 0.67 g). 

• Constant deceleration was significantly affected by the Age X DVI type and the Gender 
X DVI type interactions (t(27)=2.76, p=0.0102; t(27)=2.83, p=0.0086). However, no 
significant differences were detected by the post hoc tests for the Age X DVI type 
interaction. For the Gender X DVI type interaction, males in the “STOP” + stop-sign 
warning had significantly higher constant deceleration levels than males in the “Red 
Light” + soft-braking warning; this difference was not observed for females (“STOP” 
males: 0.48 g; soft-braking males: 0.42; “STOP” females: 0.42; soft-braking females: 
0.48). 
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• Required deceleration was the last plan execution variable to vary significantly as a function 
of DVI type (t(28)=-3.80, p=0.0007). The “STOP” + stop-sign warning group had a lower 
required deceleration than the “Red Light” + soft-braking warning group (“STOP”: 0.47; 
soft-braking: 0.50). This difference is likely due to the difference in warning onset 
between conditions, which was not completely offset by the additional braking available 
to participants experiencing the later warning condition. 

 
Analysis of subjective data showed some significant differences between these DVI types. Drivers 
in the soft-braking warning group expected the surprise event more than drivers in the “STOP” 
warning group (F(1,30)=8.26, p=0.0074), although this added expectancy put the haptic group’s 
answers in the neutral range (“STOP”: 1.5, Soft-braking: 3.3, where Strongly Expected = 7). This 
result was similar to the result observed for the comparison between the “STOP” warning and the 
600 ms-3 pulse haptic warning. Opinions on timing also differed significantly across DVI type 
(F(1,30)=15.91, p=0.0004). Participants in the soft-braking condition rated the warning as seeming 
later than participants in the “STOP” group (“STOP”: 2.6, Soft-braking: 4.8, where Very Early = 
1). This was likely due to the later warning-onset timing used for the soft-braking group. Finally, 
participants in the “STOP” condition felt more in control of the vehicle than participants in the soft-
braking group (F(1,30)=5.11, p=0.0312; “STOP”: 1.9, Soft-braking: 3.2, where Very Much in 
Control = 1). This last result also agrees with the previous finding when “STOP” was compared to 
the 600 ms-3 pulse haptic warning. 
 
Overall, the results point to possible behavioral differences between conditions. While the “STOP” 
warning elicited more appropriate responses in some cases (e.g., higher peak deceleration), the 
additional deceleration provided by the soft-braking condition was sufficient to offset this 
behavioral difference, while allowing participants to stop closer to the stop bar with a smaller 
warning-onset TTI. 
 
These comparisons have shown how different warning modalities tend to produce different driver 
behaviors. For example, reaction time to the warning was smaller for the “STOP” warning than the 
“CAMP” warning. These driver behaviors in turn resulted in some warnings being optimal later in 
the approach than others. From the testing process, the “STOP” auditory + stop sign visual warning 
and the “Red light” auditory + continuous steady soft braking could be optimized. The reasons why 
optimal points could be found is largely a function of their effects on driver behavior. The “STOP” 
warning consistently produced lower reaction times than other warnings while the soft braking 
required smaller decelerations from drivers given that it reduced vehicle speed during their reaction 
time. These two warnings were carried forward in the development of performance specifications. 
 
TOO-EARLY DETERMINATION - LEVERAGING RESULTS OF IDS TESTS 
 
Once all of these three phases discussed in the preceding sections were complete, which provided 
indications of warnings that were too late, it was apparent that information on the opposite situation 
(where a warning could be considered too early) was also needed. An appropriately timed 
algorithm should provide a timely warning to potential violators while avoiding nuisance alarms. If 
a warning occurs prior to the point at which an attentive driver would have initiated braking, it is 
categorized as “too early.” Alarms that are too early will likely deflate the safety benefits of 
collision avoidance systems because of annoyance and loss of 
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user trust in the system . This section summarizes a small subset of results from a study 
performed under the IDS project (FHWA Contract# 02-635-02) that were used to determine the 
“too early” warning condition. For details on how the study was conducted, refer to Doerzaph, 
Perez, and Neale (2004) and Perez, Doerzaph, and Neale (2004). 
 
One of the conditions in the IDS study looked at how attentive drivers approach a changing traffic 
signal. Fifty-six licensed drivers, equally split by age and gender, participated in the study. Half the 
participants were asked to drive at 56.32 kph (35 mph) and the other half at 72.42 kph (45 mph). 
The signal was timed to the values recommended by the ITE. As the test vehicle approached the 
intersection, a green to yellow phase change occurred at five different locations. The phase change 
locations were determined by the TTI at which the red phase occurred. Referencing to the red 
phase permitted changing yellow phase length to accommodate the differing speed conditions (as 
dictated by the ITE [1991] equations). For each intersection approach, the driver made a decision 
about whether or not to stop. 
 
One of the phase-change distances occurred at a TTI red phase of 0.04 s. Thus, a driver moving at 
the speed limit would cross the stop bar just four-hundredths of a second before the red. This 
condition represents a close approximation to the last instant in which a driver could cross the 
intersection without committing a signal violation (assuming constant speed). Thus, the next 
instant after this is the point at which the algorithm would need to begin monitoring vehicles for 
potential violations. This represents the worst-case scenario and is the most difficult region for 
segregating violators from compliant drivers. As phase changes occur at distances further from the 
intersection, attentive drivers should react earlier than non-attentive (e.g., distracted) drivers, 
simplifying the classification of violating and compliant groups. To determine the too-early point, 
an assumption is first made that an algorithm would have information about driver-initiated 
braking (using brake pedal or acceleration sensors). Thus, if a warning occurs before the point at 
which an attentive driver would begin to brake, the warning is too early. The initial braking points 
(in terms of TTI) of attentive drivers from the IDS studies were extrapolated and fit to a normal 
distribution to create a threshold to define the too-early distribution. This process forms the basis 
for Figures 41 and 43. 



 

56.3 kph (35 mph) Tests 
Drivers approaching the intersection in the lower-speed condition initiated braking at a TTI 
between 2.53 s and 3.14 s. On average, drivers initiated braking at 2.78 s (SD = 0.15 s). The 
distribution indicates that, in order to avoid nuisance alarms for 95 percent of the drivers who 
receive a phase change at the worst case threshold described above, the warning would need to be 
initiated at a TTI of less than 2.55 s. This may be a difficult goal to achieve, because a driver 
traveling the speed limit and having a 1-second reaction time would need to stop at approximately 
0.54g. However, recall that this is only true for drivers in the worst case scenario described above. 
Thus, it may be reasonable to shift the warning criteria to reduce the required deceleration at the 
expense of an increasing number of nuisance alarms for drivers at or near a TTI phase change 

equivalent to the yellow length. The cumulative distribution for the too-early point is depicted 
below (Figure 41). 

 
Time to Intersection (sec) 

Figure 41. Cumulative fit to the normal distribution for TTI at which an attentive driver 
initiates braking during a 35 mph approach (from Doerzaph et al. [2004] and Perez et al. 

[2004]). 
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Another way to look at the point at which drivers initiated braking is through the RDP. This was 
defined earlier as the deceleration required in order for the driver to stop the vehicle at the stop bar. 
It is calculated using a kinematic equation considering the vehicle’s speed and distance from the 
intersection when the driver initiated the braking maneuver. Here, RDP indicates the braking effort 
needed, after brake-onset, by drivers receiving the phase change at the green-to-yellow transition 
threshold described previously. It depends substantially on the reaction time of the driver in 
response to the yellow light. Results of the IDS tests indicated that RDP ranges from 0.27 g to 0.33 
g with an average of 0.30 g (SD = 0.02 g). To avoid nuisance alarms for 95 percent of the 
population, the RDP for a warning would need to exceed 0.33 g. Considering that a driver receiving 
the warning will also have a reaction time, this value would likely exceed most of the deceleration 
results from the on-road ICAV tests. The cumulative distribution for RDP is provided in Figure 42. 

 
Required Decelerat ion Parameter  (g)  

Figure 42. Cumulative fit to the normal distribution for the RDP at which an attentive 
driver initiates braking during a 35 mph approach (from Doerzaph et al. [2004] and Perez et 

al. [2004]). 
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72.4 kph (45 mph) Tests 
Drivers at the higher speed began braking between a TTI of 3.60 and 4.30 s. Drivers initiated 
braking prior to an average TTI of 3.82 s (SD = 0.21 s). Care should be exercised while making 
comparisons between the two speeds. Recall the TTI red phase was constant between the two 
speeds; however, the yellow phase length was longer at the higher speed (3.6 s versus 4.3 s), 
based on ITE guidelines. Thus, drivers in the higher-speed condition received the green-to-yellow 
phase change 0.7 s earlier, which likely contributed to the earlier average initial braking. To avoid 
nuisance alarms for 95 percent of the drivers who receive the threshold phase change, warnings 
would need to occur at a TTI of less than 3.59 s (Figure 43). The resulting deceleration rate 
required by a driver with a 1 s reaction time is 0.39 g (compare 0.54 g at the lower speed). This 
indicates that violating drivers may be identified earlier at higher speeds, likely because of the 
longer yellow interval. 

 
Time to Intersection (sec) 

Figure 43. Cumulative fit to the normal distribution for TTI at which an attentive driver 
initiates braking during a 45 mph approach (from Doerzaph et al. [2004] and Perez et al. 

[2004]). 
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The reduction in required braking effort at the higher speed is also reflected in the RDP plot (Figure 
44). Drivers in this group initiated braking between an RDP of 0.24 g and 0.29 g with an average of 
0.27 g (SD = 0.01 g). An RDP of 0.29 g would be required to avoid nuisance alarms for 95 percent 
of the attentive drivers receiving a phase change at the threshold distance. The decrease in braking 
effort associated with the longer yellow phase at higher speeds suggests that extending the yellow 
phase beyond ITE recommendations could be considered for ICAV-enabled intersections in order 
to minimize nuisance alarms (see the next section for a discussion of the implications of this 
action). 

 

Figure 44. Cumulative fit to the normal distribution for the required-deceleration- 
parameter at which an attentive driver initiates braking during a 72 kph approach (from 

Doerzaph et al. [2004] and Perez et al. [2004]). 
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IMPLICATIONS OF ON-ROAD TESTS IN SYSTEM REFINEMENT 
 
The on-road tests previously described were used to accomplish of a variety of goals. The CAMP-
style normal and hard braking tests, which were the initial experiments performed, allowed for an 
appropriate starting point for subsequent behavioral tests. They also identified equivalence 
between stop-sign and traffic light behavior, which was useful in limiting the number of tests that 
had to be performed. In addition to these contributions, these studies allowed for comparison of 
the results with the large database available from the CAMP studies (Kiefer et al., 1999), 
indicating that driver braking behavior to an intersection differs from braking to a stopped lead 
vehicle. In the case of a possible intersection violation, drivers may begin braking later than they 
would to a stopped lead vehicle. It is hypothesized that the resulting differences are an artifact of 
lower risk perception or a reduced sense of urgency for an intersection violation. That is, drivers do 
not brake as quickly without the immediate threat of a crash. In addition, during the stopped lead 
vehicle trials, the driver has the visual cue of the looming lead vehicle. However, in the ICAV 
CAMP-style tests, drivers were instructed to stop by the stop bar, so if they started braking later, 
they had to brake harder in order to stop during the remaining distance. Overall, the CAMP-style 
experiments were invaluable in defining and limiting the scope of the other tests conducted in this 
study. 
 
The too-early tests performed as part of the Intersection Decision Support (IDS) project and 
briefly described in this document allowed for the creation of normal stopping distribution models 
as a function of speed and TTI of the green-to-yellow transition. These distribution models 
mathematically represent the points during an intersection approach at which drivers elect to stop 
when presented with a green-to-yellow phase change at an equivalent timing. Too-early models 
can be used to specify the expected nuisance alarm rate for a given warning, as will be shown in this 
section. Note that nuisance alarms are defined as any alarm that would be provided at an earlier 
timing than the normal brake-onset timing for any particular driver; in other words, these are 
alarms provided before the driver has a chance to respond. 
 
Finally, the DVI tests allowed for the determination and modeling of a too-late warning threshold 
for each warning condition. The basic results of these tests were presented in the ICAV Task 4 
report (Lee et al., 2005) and comparisons of the relative effectiveness for different warnings were 
presented earlier in this report. This section condenses those results in a form that is useful for the 
specification of ICAV computations. 
 
Several steps were followed in the algorithm development process, each of which is presented 
here in detail. In general, the steps can be summarized as follow: 

1. Express the results of the DVI on-road tests into units that are comparable with the results 
of the too-early (IDS) tests and are independent of speed. 

2. Use the results of too-early (IDS) tests, described in the previous chapter, to determine 
approximate percentages of nuisance alarms that could be expected if each of the DVI 
types were to be deployed in their current form. 

3. Suggest possible computational thresholds and settings that can be used in initial field 
tests of the system. 
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Finally, the reader should note that the methods used to determine optimal DVI timing are 
assumed to yield a warning timing for which all drivers presented with a particular warning 
would elect to stop and could do so before entering the collision zone. In order to avoid missed 
warnings, the warning timing used should not occur any later into the intersection approach than 
this empirically determined point in time. Given the importance of this assumption in interpreting 
the results, algorithm development will only be discussed with respect to the two DVI Types for 
which appropriate warning timings were determined: the auditory “STOP” plus stop sign visual 
warning and the “Red Light” auditory plus haptic soft-braking warning. 

Re-expressing DVI test results 
The data available for each of the DVI types were re-analyzed in order to express the warning-
onset timing, previously defined in terms of TTI, in terms of a more useful unit. While TTI served 
well to characterize warning onset timings for different DVI Types, it was found to change 
substantially as a function of speed. At 56.3 kph (35 mph) the optimum warning onset TTI for the 
“STOP” auditory +stop sign visual warning was 2.65 s, while the TTI increased to 3.32 s for the 
72.4 kph (45 mph) speed. Thus, the warning-onset deceleration parameter (WDP) was created. The 
WDP measure varied much less than TTI as a function of speed, and therefore allowed speed-
independent warning onset thresholds to be determined. The WDP is defined as the deceleration 
required for the vehicle to stop within the distance to intersection at which the warning was 
provided (Equation 3). For example, in tests using the “STOP” auditory +stop sign visual warning, 
for which optimums were found for both the 56.3 kph (35 mph) and 72.4 kph (45 mph) speeds, the 
WDP was 0.30 g and 0.31 g, respectively.

2VWDP =  (Eq. 3) 
2× ×g Di

Where:
WDP = warning-onset deceleration parameter as a proportion of g 
V = vehicle speed at the warning onset (m/s) 
g = gravitational acceleration constant (9.81 m/s2)
Di = Distance to intersection at the warning onset (m) 

The relationship between TTI and WDP (Equation 4) is inversely linear and varies as a function of 
vehicle speed. 

V
TTI =  (Eq. 4) 

2× × g WDP 

As previously described, a key reason for selecting WDP to express the warning-onset timing (as 
opposed to distance- or time-to-intersection) was its relative independence from vehicle speed. 
Figure 45 shows the extent of this independence for the “STOP” auditory + stop sign visual 
warning, which was tested at both 56.3 and 72.4 kph (35 and 45 mph). The crosses in the figure 
represent the warning onset timings that produced 100 percent compliance using the “STOP” 
auditory + stop sign visual warning (the reader should note that the timing of the warning will likely 
change based on DVI type). The solid line represents the latest allowable warning timing for the 



“STOP” auditory + stop sign visual warning (WDP = 0.30 g) in the distance-speed domain. The 
dashed line represents the warning threshold that best models the data if a 1.5 s reaction time is 
assumed. Equations 5 and 6 were used to generate the solid and dashed lines, respectively: 

2VD W D P  
× × 

=
2

(Eq. 5) 
g WDP 

2VDK + ×(V RT) (Eq. 6) = 2× ×g a

where DWDP is the distance-to-stop bar based using only a WDP value, and 
DK is the distance-to-stop bar using the kinematics parameters of reaction time (RT) and
constant deceleration (a) .  

Speed (kph) 

Figure 45. Contrast between kinematics and WDP-based thresholds. 

Figure 45 shows that expressing the warning threshold in terms of the WDP parameter represents a 
better fit than expressing the threshold in terms of a combination of assumed reaction time and 
constant deceleration when effective thresholds are considered at different nominal speeds. This 
shift in approach also simplifies the expression of warning timing since only one parameter has 
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to be specified. Furthermore, the WDP approach does not require any assumptions on driver 
behavior (e.g., 95th percentile reaction time), since the WDP value provides a driver-independent 
indication of the warning onset as a function of speed. 
 
WDPs for the two warnings for which optimums were determined are presented in Table 41. While 
the “Red Light” auditory + haptic soft-braking warning was tested at a single speed, the 
assumption is made that the results observed for the “STOP” auditory + stop sign visual warning, 
which indicated a WDP independence as a function of speed, also apply to this warning. The rest 
of this document, including ICAV specifications, discusses warning-onset timing in terms of the 
WDP parameter. 

Table 41. WDPs across DVI-types. 

DVI Type Nominal warning onset timing (s) WDP 

“STOP” auditory + 
stop sign visual 

2.65 a @ 35 mph 
3.32 s @ 45 mph 0.30 

“Red Light” +  
haptic soft-braking 2.03 s @ 35 mph 0.39 

Comparison with too-early distributions 
Re-expression of the DVI test results, which yielded the WDP, was performed with the main 
purpose of making these results directly comparable to the results obtained from the too-early 
(IDS) tests, which, as described in the previous chapter, were expressed in terms of Required 
Deceleration Parameter (RDP). Recall that RDP indicates the deceleration needed for a driver to 
stop by the stop bar once braking is initiated. The RDP measure differs from WDP only in terms 
of the approach instant that it represents. While the WDP represents the intersection approach 
timing at which a warning onset would occur, the RDP represents the intersection approach timing 
at which a driver would begin the braking action. In the case of the too-early tests, RDP further 
characterizes the initiation of the braking action without any indication to the driver that braking is 
necessary, other than the presentation of the yellow light. 
 
The point of comparing these two numbers is to avoid WDPs that overlap the range of RDPs at 
which attentive drivers have not yet normally begun to brake, but will do so without any warning. 
For this discussion, RDPs are presented as a distribution (i.e., “too-early” distribution) gathered 
from empirical data on normal intersection approaches, whereas WDPs represent the latest point 
at which the warning should be presented based on the results of the DVI tests. 
 
The too-early RDP distributions were independent of speed, as follows: 
• For 56.3 kph (35 mph), RDP values ranged from 0.27 g to 0.33 g, with a mean value of 

0.30 g and a standard deviation of 0.02 g. 
• At 72.4 kph (45 mph), RDP ranged from 0.24 g to 0.29 g, with a mean value of 0.27 g 

and a standard deviation of 0.01 g. 
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These two distributions were statistically indistinguishable. Thus, for the purpose of this section, 
RDP from the too-early (IDS) tests was assumed to be independent of speed, and the most 
conservative parameters found within the two speed groups were used. Thus, this section assumes 
that the RDP for the too-early distribution follows a normal distribution with a mean of 0.30 g and a 
standard deviation of 0.02 g. 
 
The too-early distribution (in terms of RDP) and the warning threshold (in terms of WDP) can then 
be directly compared, both graphically and analytically. Graphically, the placement of the warning 
threshold with respect to the too-early distribution can be examined to estimate the appropriateness 
of a warning (Figure 46). This appropriateness can then be analytically specified via the calculation 
of corresponding rates of nuisance alarms (Table 42). Nuisance alarms are a function of the overlap 
between the too-early distribution describing normal braking behavior and the empirically-obtained 
warning threshold. As will be discussed later, nuisance alarms can be decreased by minimizing this 
overlap, which implies increasing the separation between the too-early distribution and the warning 
threshold. 



a)

b)

Figure 46. Comparison of relative placements of the too-early distribution and the warning 
threshold for the (a) “STOP” auditory + stop sign visual warning, and (b) “Red Light” 

auditory + r. 
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Nuisance alarms were calculated by determining the percentage of drivers whose normal brake 
onset timing would be later than a pre-established warning timing. Thus, for these drivers, a 
warning presented at the pre-established timing would be considered too early. To calculate 
nuisance alarms, a z-statistic was calculated based on Equation 7. 
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The RDP average and standard deviation are the values described previously for the too-early 
curve (0.30 g and 0.02 g, respectively). Once the z-statistic was calculated, a cumulative 
percentile was determined via look-up functions for a standard normal distribution. 

Table 42. Nuisance alarm rates across DVI Types.

DVI Type WDP (g) Nuisance Alarms (%) 

“STOP” auditory +
stop sign visual 0.30 50.0

“Red Light” auditory +
haptic soft-braking 0.39 0.0

z=
RDP Standard Deviation
WDP (RDP Average)

(Eq. 7)

These percentages were calculated based on the worst-case scenario of the population of drivers 
approaching a traffic signal who receive a yellow signal when their TTI is exactly equal to the 
yellow light duration. This timing is the latest point in the intersection approach at which a 
violation may occur. As the phase change occurs at increasing TTI, compliant drivers tend to 
initiate their stop earlier and the too-early distribution is further separated from the warning 
threshold timing. 

The frequency at which a yellow change occurs when drivers are at this particular worst-case TTI 
is unknown at this point, and prevents estimation of more generalized nuisance alarm percentage 
rates. Thus, although the rates described in this and the following sections are useful for making 
relative comparisons between different warning alternatives, they do not imply overall system 
effectiveness. Instead, these rates represent what drivers in this worst case scenario would 
experience. The next section uses these results to compare different possible computational 
manipulations that can improve system performance for the worst-case scenario. 

Computational considerations 
The nuisance alarm rates described in the previous section are important in defining the minimum 
performance specifications for an ICAV system. Functional specifications are based on the 
allowable “error” in the timing of the warning onset that does not result in a too-early or too-late 
warning. The too-late threshold was established based on the results of the DVI on-road 

−
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tests, and has been expressed in this section as the warning threshold timing. Selection of a too-
early threshold, however, is dependent on the allowable percentage of nuisance alarms. 
 
Recall that nuisance alarms are a function of the overlap between the too-early distribution and the 
empirically-obtained warning threshold, and that nuisance alarms can be decreased by minimizing 
this overlap. In turn, increasing this separation can be achieved by taking advantage of any 
additional “space” or “time.” Additional space refers to any distance beyond the stop bar at which 
it is safe for a vehicle to stop. This investigation has already made use of this additional space by 
considering that drivers who stopped prior to the collision zone complied with provided warnings. 
Therefore, “space” is already implicitly considered in the location of the warning thresholds 
presented. 
 
The second characteristic, “time,” has not been considered in this discussion up to this point. 
Making use of additional time requires that certain violations be allowed to occur without any 
warning (typically, those violations occurring in the first few seconds after the red light onset, 
which are unlikely to result in a crash). 
 
Note that in presenting the effects of additional time in the nuisance alarm rates, only the too-
early distribution, as opposed to the warning threshold, is being shifted. Shifting the warning 
threshold towards later timings is not feasible because missed warnings are undesirable. The 
timings selected were based on the results of the DVI on-road tests, which represent the latest 
warning-onset timing possible with absolute driver compliance. Shifting these onsets to later 
timings would imply that an increasing percentage of drivers would not be able to stop in time. 
 
Shifting the “too-early” distribution can be performed if additional “time” can be obtained, which 
might be feasible depending on the design assumptions of the ICAV system. The following 
sections describe the process for generating performance specifications for two alternatives, one in 
which no “time” shifts are considered (pure violation warning), and one in which additional “time” 
is available. 
 
Alternative 1: No “Too -Early” Curve Time Shift. If the “too-early” curve cannot be shifted to 
reduce the overlap between this distribution and the warning threshold timing, then the nuisance 
alarm rates described in Table 42 apply. However, in order to establish performance specifications, 
an allowable increase in the percentage of nuisance alarms needs to be established to allow the 
definition of a nominal warning threshold and a corresponding variation around the threshold. 
Since the warning threshold can be moved only towards earlier timings to avoid misses, this 
allowable “error” will invariably result in an increase in the number of nuisance alarms. 
Conversely, pre-determining an acceptable maximum rate of nuisance alarms allows for the 
calculation of the nominal warning threshold and bounds the allowable variation on which the 
performance specifications will be based. Again, note that these nuisance alarms are based only on 
drivers who receive the yellow onset at a very particular point during their intersection approach 
and that the percentages discussed in this section are only applicable to relative comparisons 
between warning types. 
 
As an example, assume that it is decided that a nuisance alarm rate of 5 percent is the upper 
acceptable limit. Recall that the nuisance alarm percentage rates for the “STOP” auditory + stop 
sign visual 



warning is much higher than the 5 percent limit. Second, the onset of the “Red Light” auditory 
+ haptic soft-braking warning could now occur earlier without any penalty on overall system 
performance. This allowance for an earlier warning permits a certain amount of variation in 
warning timing, bounded by the warning threshold timing and the point in the too-early 
distributions at which the 5 percent nuisance alarm rate is reached. 

Continuing the example, the “Red Light” auditory + haptic soft-braking warning onset can now be 
defined to nominally occur halfway between the warning threshold timing and the point at which 
the 5 percent nuisance alarm rate is reached. The warning threshold timing has already been 
defined to lie at 0.39 g for this particular warning. The 5 percent limit of nuisance alarms now has 
to be expressed in terms of similar units (i.e., in terms of deceleration-to-stop-bar). To achieve this 
conversion, the process resulting in the numbers listed in Table 42 was reversed. First, an 
equivalent z-statistic value was found for the 5th percentile. Second, equation 8 was used to 
determine the corresponding WDP value. 

WDP = RDP Average + (z×RDP Standard Deviation ) (Eq. 8) 

Using this approach, and continuing with the example, the 5 percent upper limit represents a WDP 
of 0.326 g. The mid-point between the lower limit of 0.39 g and this upper limit is 0.358 g. Thus,
the WDP in this situation would be allowed to vary 0.031 g (the difference between the midpoint 
of the interval and either of its extremes). Thus, the computations subsystem for this particular 
example would be required to provide warning onsets at a nominal WDP of 0.358 g. Remaining 
subsystems would be allowed a cumulative error such that deviations would be less than 0.031 g
from this nominal WDP. This alternative makes use of available “space” after the intersection stop 
bar, but does not make use of any additional “time” that might be obtained by allowing certain 
violations or adding certain functionality to the intersection. These possibilities are discussed for 
the second alternative. 

Alternative 2: Time -Shifting the “Too -Early” Curve. The “too-early” curve can be shifted 
towards earlier RDPs if drivers who receive a yellow light at a TTI equal or somewhat greater than 
the yellow duration do not have to be warned. The effects of such a shift can be substantial in 
minimizing nuisance alarm rates. In terms of the methods used to obtain additional “time,” 
examples include all-red phase extension, extension of the yellow-light time, and consideration of 
the time needed for cross-traffic to actually enter the intersection once it has received a green 
indication.

Additional “time” has the effect of shifting the population of violators that must be considered to 
earlier timings, which in turn shifts their too-early distribution in the same direction. The process 
by which this manipulation achieves this, and thus allows a minimization of the overlap between 
the warning threshold and the “too-early” distribution, is discussed using Figure 47. Since the 
figure is meant to illustrate the process, the “STOP” auditory + stop sign visual warning is given 
as an example. The first graph in the figure illustrates the original warning threshold and “too-
early” distribution, accompanied by an indication of the timing of the phase change for this 
particular population of drivers (i.e., TTI yellow phase = Yellow phase length). The subsequent graph 
shows the shift of the too early distribution if an additional 1.0 s is available. 
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This additional time assumes that it is unlikely for any cross traffic to be entering the intersection 
for at least 1.0 s after the red light onset. The effect of this assumption is to prevent the warning of 
any vehicles located at TTIs between the yellow length and the yellow length plus 1 s. For 
example, if the yellow length is 3.6 s, then those vehicles with a TTI between 3.6 and 4.6 s at 
yellow onset would be allowed to violate without any warning, since their probability of being 
involved in a straight crossing path crash is almost non-existent. 



a)

b)

Figure 47. Time-shifting of the “too-early” curve: (a) no time shift, the yellow light onset is 
highlighted, (b) 1 s time shift. 
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The end result of this manipulation is a considerable reduction of nuisance alarms and/or the 
widening of allowable error in warning onset timing. Still assuming the availability of one 
additional second, the nuisance alarm rate for the “STOP” auditory + stop sign visual warning 
would be reduced from 50 percent to 0 percent, while the nuisance alarm rate for “Red Light” 
auditory + haptic soft-braking would remain at 0 percent. Continuing the 5 percent nuisance alarm 
limit example, both DVI types would now comply with the specification and could be used. The 
“STOP” auditory + stop sign visual warning could be presented at a nominal warning threshold of 
0.273 g ± 0.027 g. The “Red Light” auditory + haptic soft-braking warning could be presented at a 
nominal warning threshold of 0.318 g ± 0.072 g. 
 
Selecting an alternative for the development of performance specifications 
In selecting one alternative for the development of the performance specifications, the 
assumption was made that a violation warning system was desired, thus eliminating the use of 
the time manipulations discussed in the previous section. It was also assumed that a 2 percent 
nuisance alarm rate (under the worst-case scenario for which TTI yellow phase = Yellow phase 
length) was considered acceptable, in order to establish an allowable variation interval in 
warning onset. This results in a nominal warning threshold of 0.36 g ± 0.03 g for the “Red 
Light” auditory + haptic soft-braking warning. 
 
In selecting a second alternative for the development of the performance specifications, time 
manipulation was allowed, thus assuming that some violators would not be warned. For this case, 
the nuisance alarm rate had to be set at 2 percent, based on the results of the detuning tests (under 
the worst-case scenario for which TTI yellow phase = Yellow phase length), in order to establish an 
allowable variation interval in warning onset. This results in a nominal warning threshold of 0.28 g 
± 0.02 g for the “STOP” auditory + stop sign visual warning. 
 
Performance specifications based on these two thresholds and their associated assumptions are 
discussed in the next section. 
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REVISED PERFORMANCE SPECIFICATIONS AND GUIDELINES 
 
Specifications, requirements, and guidelines are presented for two different warning types. The 
two warning types selected represent the two most promising countermeasures tested at VTTI to 
date, since they resulted in 100 percent compliance at a warning timing later than the too-early 
limits. The “Red Light” auditory + continuous, steady soft-braking countermeasure will be 
presented first, followed by the “STOP” auditory + stop-sign visual warning adjusted by a 1.0 s 
too-early time shift (the purpose for and description of the too-early adjustment is discussed in more 
detail below). Although the two warnings share some of the same specifications, they are 
discussed separately to avoid confusion. Thus, the two parts of this section contain some 
information that is redundant and other information that is specific to each warning type. 
However, the DVI guidelines are relevant to both interfaces and are presented in a single location 
at the end of this section. This section consists of three major subsections: (1) performance 
specifications and requirements for the “Red Light” auditory + continuous, steady soft-braking 
warning; (2) performance specifications and requirements for the time-shifted “STOP” auditory + 
stop-sign visual warning; and (3) performance requirements and guidelines for the DVI. 
 
PERFORMANCE SPECIFICATIONS AND REQUIREMENTS FOR THE “RED 
LIGHT” AUDITORY + CONTINUOUS, STEADY SOFT-BRAKING WARNING 
 
The specifications, requirements and guidelines in this section are relative to the “Red Light” 
auditory + continuous, steady soft-braking warning. Recall this warning consisted of an auditory 
alert saying “Red Light” paired with an automated 0.3 g deceleration. This section outlines the 
method for determining the specifications, discusses the limitations of the specifications, and then 
presents the specifications for each subsystem of the ICAV system. 
 
Method for Determining Specifications for the “Red Light” Auditory + Continuous, Steady 
Soft-Braking Warning 
The general process for determining the permissible error budget required the definition of two 
limits, the latest acceptable warning-onset threshold (determined empirically), and the warning-
onset deceleration parameter (WDP) calculated based on a pre-selected allowable percentage of 
nuisance alarms. The nuisance alarm rate “Red Light” auditory + continuous, steady soft-braking 
was set at 2 percent, as this rate was found to provide the lowest possible number of false alarms 
while at the same time allowing for the development of feasible performance specifications. Any 
alarm delivered in the region between the onset threshold and the WDP was considered to be on 
time. Thus, the actual timing of the warning could deviate from the intended value as long as it was 
still within the error budget (as defined by the region between the onset threshold and WDP 
points). 
 
Once these parameters were set and the allowable error interval computed, determining the 
specifications was a multi-faceted effort. In some cases specifications could be set using available 
literature, while in many others the allowable error interval was compared against the results of the 
detuning tests to obtain the performance requirements. In other words, a specification was set 
based on the amount of variance allowed before the error budget was exceeded. Some of this 
process was already described in the discussion of the detuning tests, but 
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it is repeated here. A description of and justification for the particular approach used in 
determining each specification is provided as the specifications are presented. 
 
Minimums, Additive Error, And Limitations for the “Red Light” Auditory + Continuous, 
Steady Soft-Braking Warning 
This section, in its description of functional requirements, focuses on absolute minimum 
performance levels. In that sense, the requirements represent the lowest level of performance 
acceptable for an otherwise perfect system. In some instances, the errors from various 
components would be additive. These additive effects should be considered when selecting 
components for any prototype or FOT system. 
 
The requirements presented in this document represent those aspects for which VTTI has 
experimental or technical knowledge. General requirements (e.g., size, cost, durability, and 
availability) are beyond the scope of this document, as these decisions are often made 
cooperatively by the agencies involved in a particular technology’s deployment and often follow a 
standardization process. 
 
As discussed previously, the situation used to derive the specifications represents the worst-case 
threshold phase-change distance. This is the situation in which the driver receives the phase 
change at a TTI equivalent to the length of the yellow phase. This situation does not occur at stop-
sign-controlled intersections. The stop-sign-controlled intersection is akin to a driver approaching 
a signal that turns red at a very long TTI. As the research described in this report demonstrated, as 
the phase change occurs at further distances from the intersection, the threat assessment becomes 
easier. Furthermore, VTTI’s research to date has shown that drivers brake equally hard and react 
equally for signalized and stop-signed intersections. Thus, it can be assumed that a system capable 
of meeting the more stringent specifications for a signalized intersection as detailed in this section 
would surpass the specifications for a stop-sign-controlled intersection. 
 
The final issue concerns the assumed architecture for the requirements and specifications. The 
ICAV testbed was designed around the presumed cooperative architecture recommended at the 
onset of this research. Recent meetings with other organizations performing intersection collision 
avoidance research have suggested that variations of this architecture are possible. Some of these 
variations are discussed in a later section of this report. Thus, generalization of the specifications 
stated here should be made judiciously. If needed, many of the requirements can be re-derived 
from the information provided during the detuning tests to complement changes in the 
architecture. 
 
Communications Specifications and Requirements for the “Red Light” Auditory + 
Continuous, Steady Soft-Braking Warning 
The communications specifications are based on the architecture defined at the onset of this 
project. In this architecture the infrastructure is responsible for providing only the signal phase, 
timing, and stop bar locations. These variables are provided at a specified update rate once the 
yellow onset has occurred. That is, the infrastructure “resets” the transmit clock so that a message 
is sent at the instant the yellow is presented and at regular intervals thereafter. Every update 
interval provides the remaining yellow time. There are other possible communication 
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architectures that were not explicitly explored in the testbed. An example of one of these is a 
repeating but non-updating transmission system. In this type of communication system the global 
yellow termination time would be repeatedly provided to the vehicle. Using the vehicle’s own 
GPS clock, the computations subsystem would use an internal countdown to track the remaining 
yellow time. This type of architecture could substantially change some of the requirements 
provided in this section. Thus, the requirements below should be used as guidelines for 
developing the initial system, but with the knowledge that they may need to be changed to 
accommodate the particular architectures selected. 

Minimum communication range for the “Red Light” auditory + continuous, steady soft-
braking warning 
This requirement can be derived empirically from the too-early data. These estimates have to be 
conservative in order to avoid missing a violator (if a warning threshold were to occur beyond the 
specified communications range). Thus, the requirement is based on the 95th percentile of the too-
early distribution (RDP=0.24) and the 95th percentile of the approach speed, since no warning 
would be issued beyond this range. The resulting minimum communications range was computed 
using a traditional kinematics equation (Equation 9). Results for a variety of common speeds are 
shown in Table 43 below. It should be noted that the minimum communication range assumes all 
necessary data is being transmitted and processed. Depending on the hardware selected, additional 
time may be necessary to “connect” and to obtain differential correction status. 

(Eq. 9) 

Table 43. Minimum communication range values for various speeds. 

Speed Minimum Range 
40.2 kph (25 mph) 26.53 m (87.06 ft) 
56.3 kph (35 mph) 52.01 m (170.63 ft)
72.4 mph (45 mph) 85.97 m (282.06 ft) 
88.5 kph (55 mph) 128.43 m (421.35 ft)
104.6 kph (65 mph) 179.37 m (588.50 ft) 

This specification is based on straight line-of-sight, and assumes that the infrastructure will 
contain any necessary equipment (e.g., transmission repeaters) to achieve the required minimum 
ranges on curved approaches. 

RDPg
V

Range
⋅⋅

=
2

2
0

min

Where: Rangemin = Minimum required range 
 Vo = 95th percentile vehicle approach speed 
 RDP = 95th percentile required deceleration parameter 
 g = gravitational constant 
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Update rate and packet reliability for the “Red Light” auditory + continuous, steady soft-
braking warning 
As discussed in the detuning section, the update rate and packet reliability are interdependent. 
Lower update rates will be more susceptible to lost packets than higher rates. Considering the 
allowable warning error, the minimum specifications are 4 Hz with zero dropped packets or 7 Hz 
with one dropped packet. If more than one consecutive packet is dropped, the warning will not be 
presented within the defined bounds. 

Data latency for the “Red Light” auditory + continuous, steady soft-braking warning 
This requirement was determined analytically and is based on the update rate selected, since that 
determines the point at which information received or sent by a system can lose time 
synchronization. Thus, data latency cannot be more than half of the period for the selected update 
rate. For example, at 7 Hz, the period is 0.14 s. Therefore, the maximum allowable data latency 
would be 0.07 s. This guarantees that data will be received in the correct timing window. 

Packets size for the “Red Light” auditory + continuous, steady soft-braking warning 
The CAMP Vehicle Safety Communications (VSC) project is developing the necessary 
requirements for safety applications, including system overhead for security. At this point, 
DSRC appears to have the ability to handle the packet size required for any envisioned 
architecture. 

Content of data stream for the “Red Light” auditory + continuous, steady soft-braking 
warning 
The data stream requirements from ICAV should be developed in a generic format with the ability 
to carry all relevant information both to and from the vehicle for any possible architecture 
deployment. By standardizing the message set, system integrators will be able to develop working 
systems using preset content rather than having to develop both the content and system 
requirements on a case-by-case basis. However, the minimum communications subsystem would 
be designed for one-way communications. The vehicle would, at a minimum, need to receive the 
signal phase and timing, stop bar coordinates, and GPS correction data. All of the communications 
specifications described above are presented in Table 44. 
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Table 44. Minimum communication specifications for “Red Light” + haptic soft-braking 
warning. 

Specification Type Minimum Requirement 
Minimum 
Communication 
Range 
Update Rate and packet 
reliability 4 Hz with zero dropped packets or 7 Hz with one dropped packet. 

Speed Dependent: i.e., 147 m (424 ft) @ 88.5 kph (55 mph)

Data latency 

0.07 s assuming a 7 Hz update rate. 

At most, half of the period for the update rate that is selected. Latencies higher than the 
requirement would prevent accurate data synchronization. 

Packet Size 

256 bytes. 

Initial testing at VTTI showed major performance degradation when packet size 
increased from 256 to 512 bytes; therefore, VTTI currently recommends a packet 
structure of up to 256 bytes. 

Content of data stream 

Will include, at a minimum, signal phase and timing and stop bar locations. 

The content may include but is not limited to: traffic signal phase/timing, intersection 
geometry, security information, weather/road surface conditions, adjacent traffic 
kinematics, and GPS correction information. The content of the data stream will not 
be determined by tests but by the needs of the final threat assessment algorithm. 

Security
While developing security requirements is outside the scope of this project, the 
communications subsystem needs to be “hack proof” to maintain a high level of public 
safety and public trust in the technology. 

*Note: All requirements are assuming an otherwise perfectly performing system. 

Sensors Specifications and Requirements for the “Red Light” Auditory + Continuous, 
Steady Soft-Braking Warning 
Other than positioning, which is included in a separate section below, speed and acceleration were 
the only in-vehicle sensors employed. The testbed algorithm did not use acceleration as a 
continuous measure in the threat assessment. Instead, acceleration was used as a binary switch to 
exclude drivers who were braking. Thus, VTTI researchers did not perform detuning of the 
acceleration measure as it would have no influence on the threat assessment accuracy. The only 
measure which had a direct impact on the threat assessment was speed. Specifications for this 
measure are described below and summarized in Table 45. 

Maximum speed for the “Red Light” auditory + continuous, steady soft-braking warning 
This specification was based on an informal survey of State and Federal regulations. While 
specific numbers regarding speed limits at intersections could not be found, no limit exceeding 
88.5 kph (55 mph) was found. A 24.1 kph (15 mph) cushion was added to that number to account 
for the possibility of speeding, resulting in the specification of 112.7 kph (70 mph). 

Minimum speed for the “Red Light” auditory + continuous, steady soft-braking warning 
This specification was based on the need to prevent false alarms in slow-moving traffic. 
Informal tests indicate that identifying a violator at speeds below 24.1 kph (15 mph) would be 
difficult. 
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Accuracy for the “Red Light” auditory + continuous, steady soft-braking warning 
Based on the results of the detuning tests and considering the allowable error in algorithm 
timing, the maximum error in speed measurement is ±4 percent of the speed at the warning onset. 
This value equates to ±1.6 kph (±1 mph) for the worst-case 40.2 kph (25 mph) condition. As 
discussed in the detuning section of this report, the accuracy requirements decrease with increasing 
speed. 
 
Update rate for the “Red Light” auditory + continuous, steady soft-braking warning 
In order to maintain the required level of accuracy for speed, the measure must be updated once 
for every 1.6 kph (1 mph) deviation. If speed sensing is reported on a clocked interval, it must be 
updated at a minimum of 3 Hz. This update rate is based on the change in speed that can occur 
within one update cycle. The change in speed during an update cycle must be less than the 
required accuracy defined above. The maximum change in speed was calculated assuming a 
deceleration of 0.1 g. Any driver braking at a level higher than 0.1 g would not be warned because 
the driver would be considered to be braking (and thus aware of the intersection state). 
 
Data latency for the “Red Light” auditory + continuous, steady soft-braking warning 
This requirement was determined analytically and is based on the update rate selected, since that 
determines the point at which information received or sent by a system can lose time 
synchronization. Thus, data latency cannot be more than half of the period for the update rate that 
is selected. For example, at 3 Hz, the period is 0.33 s. Therefore, the maximum allowable data 
latency would be 0.17 s. Higher latencies would prevent accurate data synchronization. 
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Table 45. Vehicle Speed Sensing Requirements for “Red Light” auditory + haptic soft- 
braking warning. 

Specification 
Type Minimum Requirement 

Maximum Speed 
112.7 kph (70 mph) 

This has been the assumed upper limit for all tests and is considered a 
maximum limit speed for intersection approaches 

Minimum Speed 

13.3 kph (15 mph) 

To prevent false alarms in slow moving traffic, this has been the assumed 
lower limit for all tests and is considered a minimum limit speed for 
intersection approaches. 

Accuracy 

± 4% of the speed traveled. This equates to ±1.6 kph (±1 mph) in the worst 
case speed of 40.2 kph (25 mph) 

Derived from the detuning tests 

Update Rate 

Minimum of 3 Hz 

This requirement is based on the inverse of the time required for the vehicle to 
accelerate or decelerate beyond the allowable speed error magnitude defined 
above. The smallest accuracy occurred for the 40.2 kph (25 mph) speed. If a 
0.1 g acceleration input is assumed, then 0.45 s are required to reduce vehicle 
speed by the 1.6 kph (1 mph) specified by the speed accuracy requirement. 
These 0.45 s represent a minimum update rate of 2.2 Hz, which is rounded up 
to 3 Hz. 

Speed 

Data latency 

At most, half of the period for the update rate that is selected. This equates to 
0.17 s at an assumed update rate of 3 Hz. 

Latencies higher than the requirement would prevent accurate data 
synchronization. 

*Note: All requirements are assuming an otherwise perfectly performing system. 

Positioning Specifications and Requirements for the “Red Light” Auditory + Continuous, 
Steady Soft-Braking Warning 
Although positioning accuracies are discussed in terms of longitudinal and lateral errors, in an 
actual system these are not differentiable. If GPS is the assumed positioning technology, then 
errors are circular rather than attributed to a particular direction. Although both lateral and 
longitudinal errors are discussed, the constraint is highest for longitudinal accuracy. Thus, 
longitudinal accuracy was selected as the minimum positioning requirement. The requirements 
for the positioning system are discussed below and summarized in Table 46. 
 
Longitudinal accuracy for the “Red Light” auditory + continuous, steady soft-braking 
warning 
The required longitudinal accuracy can be directly read from the detuning tests when considering 
the error bounds of 0.33 g to 0.39 g (these were the error bounds given as an example in the 
detuning section, so the tables and figures from the detuning section are directly relevant to the 
“Red Light” auditory + haptic soft-braking warning). To stay within the system error boundary, the 
longitudinal accuracy must not exceed 1.11 m (3.61 ft). 
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Lateral accuracy for the “Red Light” auditory + continuous, steady soft-braking warning 
Lateral accuracy requirements are a function of lane width. The assumed purpose of lateral 
positioning would be to determine the vehicle’s travel lane during a multi-lane approach. Given 
the circular error characteristic of GPS, the accuracy positioning system will be determined by the 
more conservative longitudinal requirement of 1.1 m, which is also approximately one-half of the 
width of a vehicle. 
 
Update rate for the “Red Light” auditory + continuous, steady soft-braking warning 
The update rate for positioning is calculated as a function of the allowable longitudinal error to 
deliver an on-time warning. It considers the distance traveled during a single update cycle. The 
distance traveled must not exceed the required longitudinal accuracy specified above. Considering 
this limitation, an update rate of 10 Hz would be required to maintain a 1.11 m positioning 
accuracy at 40.2 kph (25 mph). This is the highest update rate requirement of any subsystem 
presented in this section. 
 
Data latency for the “Red Light” auditory + continuous, steady soft-braking warning 
This requirement was determined analytically and is based on the update rate selected, since this 
determines the point at which information received or sent by a system can lose time 
synchronization. Thus, data latency cannot be more than half of the period for the update rate that 
is selected. For example, at 10 Hz, the period is 0.1 s. Therefore, the maximum allowable data 
latency would be 0.05 s. Higher latencies would prevent accurate data synchronization. 
 
 

Table 46. Vehicle Position Sensing Requirements for “Red Light” auditory + haptic soft- 
braking warning. 

Specification 
Type Minimum Requirement 

 Longitudinal 
Accuracy Less than ±1.11 m (3.61 ft) 

 Lateral 
Accuracy Less than ±1.11 m (3.61 ft) 

 
Update 

At least 10 Hz 

Vehicle Rate The distance traveled during an update cycle must not exceed the required 
Position  longitudinal accuracy specified above. Considering this limitation, a 10 Hz 

update rate is required to maintain a 1.11m positioning accuracy. 
 

Data 
Latency 

At most, half of the period for the selected update rate. For a 10 Hz system this 
equate to 0.05 s. 

Latencies higher than the requirement would prevent accurate data 
synchronization. 

*Note: All requirements are assuming an otherwise perfectly performing system. 
 
Computations Specifications and Requirements for “Red Light” Auditory + Continuous, 
Steady Soft-Braking Warning 
Table 47 presents the requirements for the computations function of an ICAV system. The 
update rate requirement is driven by the requirements of other subsystems. For instance, if a 
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communications update rate of 5 Hz is required, the computations system must accept and compute 
the communications inputs at 5 Hz. As for other system components, algorithm latency is 
dependent on the desired update rate, and would be at most half of the period for the selected 
update rate. For example, for a 10 Hz update rate, which has been shown to comply with all 
requirements thus far, the maximum latency has to be less than 0.05 s. Latencies higher than this 
value would hinder data synchronization. 
 
The 0.36 g WDP value is a nominal setting that arises from the earlier discussion. Recall that the 
too-late warning onset was set at 0.39 g for the “Red Light” auditory + haptic soft-braking warning, 
and that the WDP for a maximum 2 percent nuisance alarms was 0.33 g. The nominal warning 
timing, which is presented as the requirement, was the mid-point of this interval, 0.36 g. 
 
The nuisance alarm rate is defined as the frequency of occurrence of an alarm that is too early for a 
particular driver during a particular intersection approach. Recall from the earlier discussion that 
this rate is not representative of the overall nuisance alarm rate (which cannot be determined with 
the current data), but instead represents the nuisance alarm rate for only those drivers who 
experience a green-to-yellow phase change at a TTI equal to the yellow length. Thus, the actual 
system nuisance alarm rate would be much less than the 2 percent rate defined here. However, a 
nuisance alarm rate assumption was required so that formal tests of the algorithm timing could be 
developed. The 2 percent rate presented as the requirement was obtained using engineering 
judgment, while carefully considering the tradeoff of decreasing the rate as much as possible while 
still allowing for the establishment of feasible system specifications. 
 
The miss rate is defined as the frequency of occurrence of an event for which the driver should be 
warned during an intersection approach, but no warning occurs. The miss rate could be a function 
of two factors: equipment malfunction or an improper warning timing that is too late for a 
particular driver to stop before the intersection. The safety implications of misses motivates the 
goal of a zero miss rate for intersections that are properly instrumented (for the signalized case) or 
identified (for the stop sign case), in combination with vehicles equipped with an ICAV system. 
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Table 47. ICAV computations specifications for “Red Light” auditory + continuous, steady 
soft-braking warning. 

Specification Type Minimum Requirement 

Update Rate 

10 Hz 

Specification is set to the maximum update rate suggested in the 
requirements for its input subsystems, which in this case is the update rate 
necessary for accurate positioning as discussed above. 

Latency 

0.05 s 

At most, half of the period for the update rate that is selected. 
Latencies higher than the requirement would prevent accurate data 
synchronization. 

Warning Onset Timing 
Equation 

WDP = 0.36 g 

Determined as the mid-point of the interval defined by the empirically- 
obtained warning threshold and the nuisance alarm limit. 

False Alarm Rate 2% 
Miss Rate Zero 

PERFORMANCE SPECIFICATIONS AND REQUIREMENTS FOR THE “STOP” 
AUDITORY + STOP SIGN VISUAL WARNING WITH A 1.0 S TOO-EARLY TIME 
SHIFT 
 
As discussed earlier, the “STOP” auditory + stop-sign visual warning would produce an 
excessive number of nuisance alarms unless an adjustment is made. The earlier discussion 
indicated that shifting the too-early distribution by 1 s would result in a substantial reduction of 
the nuisance alarm rate expected for the “STOP” auditory + stop-sign visual warning (from 
50.0% to 0.0%). This finding prompted the development of performance specifications for this 
type of DVI, based on an assumption that the 1.0 s too-early time shift could be attained. As 
previously discussed, there are a variety of means for achieving this time shift, including 
extension of the all-red clearance phase, extension of the yellow phase, and assumptions 
regarding cross traffic behavior. The specifications presented in this section do not make any 
assumptions on or dictate how this time shift is to be achieved, but instead only assume that the 
additional time is available. 
 
Method for Determining Specifications for the “STOP” Auditory + Stop-Sign Visual 
Warning Assuming a 1.0 s Too-Early Time Shift 
The general process for determining the error budget was described in detail in the previous 
section and repeated in the section outlining the development of performance specifications for the 
“Red Light” auditory + haptic soft-braking warning. Briefly, the process required the definition of 
two limits: the latest acceptable warning-onset threshold (determined empirically), and the WDP 
(calculated based on a pre-selected allowable percentage of nuisance alarms). The range between 
these two points defined an error budget in which an alarm could be presented and still be 
considered on time. The problem with this warning type is that the warning-onset and WDP 
overlap resulted in a negative allowable error budget. This meant that the warning would produce 
an excessive number of nuisance alarms. Thus, a 1.0 s time shift was applied to 



 

143 

the too-early distribution so that specifications could be derived. The time shift decreased the 
WDP and provided an error budget that was used to determine specifications. 
 
The detuning test results presented earlier were only relevant to the “Red Light” auditory + haptic 
soft-braking warning. The detuning process was dependent on the warning-onset timing selected. 
The values reported in the detuning section apply only to warnings with a nominal warning-onset 
timing of 0.36 g. After the too-early distribution time-shift, and considering a nuisance alarm rate 
of 2 percent, it was found that the nominal warning onset for the “STOP” auditory + stop-sign 
visual warning should be 0.28 ± 0.02 g. Thus, the detuning test results had to be re-expressed in 
terms of the new nominal warning onset. For ease of reference, the results of these re-expressed 
detuning tests used for specifications in this section are provided in Appendix A. 
 
As addressed for the “Red Light” auditory + haptic soft-braking specifications, the nuisance alarm 
rate was set at 2 percent (which determines the location of WDP). As was true for the “Red Light” 
auditory + haptic soft-braking warning, this rate was found to provide the lowest possible number 
of false alarms while still resulting in feasible performance specifications. 
 
Minimums, Additive Error, and Limitations for the “STOP” Auditory + Stop-Sign Visual 
Warning Assuming a 1.0 s Too-Early Time Shift 
As was true for the “Red Light” auditory + haptic soft-braking warning, this section focuses on 
absolute minimum performance levels. In that sense, the requirements represent the lowest level 
of performance that would be acceptable for an otherwise perfect system. Please note that errors 
from various components may be additive. These additive effects should be considered when 
selecting components for any prototype system. 
 
The requirements presented in this document represent those aspects for which VTTI has 
experimental or technical knowledge. General requirements (e.g., size, cost, durability, and 
availability) are beyond the scope of this document, as these decisions are often made 
cooperatively by the agencies involved in the technology’s deployment and must often follow a 
standardization process. 
 
Recall that, as for the first set of specifications discussed, the scenario used to derive the 
specifications was the worst-case threshold phase change distance. This is the situation in which 
the driver receives the phase change at a TTI equivalent to the length of the yellow phase. This 
situation does not occur for a stop-sign-controlled intersection. As previously discussed, it can be 
assumed that a system capable of meeting the more stringent specifications laid out in this section 
for signalized intersections will surpass any requirements for stop-sign-controlled intersections. 
 
The values shown as specifications in this section depend on the existence of a time shift for the 
too-early distribution of at least 1 s. The means for achieving this time shift are varied and are not 
directly addressed in these specifications. Finally, the caveats regarding architecture that were 
presented for the previous set of specifications also apply. The ICAV testbed was designed around 
the presumed cooperative architecture recommended at the onset of this research. Recent meetings 
with other organizations performing intersection collision avoidance research have suggested that 
variations of this architecture are possible (as discussed in a later section). Thus, 
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generalization of the specifications stated here should be made judiciously. If needed, many of 
the requirements can be re-derived from the information provided during the detuning tests to 
complement changes in the architecture. 
 
Communications Specifications and Requirements for the “STOP” Auditory + Stop-Sign 
Visual Warning Assuming a 1.0 s Too-Early Time Shift 
The communications specifications shown in Table 48 are based on the architecture defined at the 
onset of this project. In this architecture, the infrastructure is responsible for providing only the 
signal phase, timing, and stop bar locations. The requirements below should be used as guidelines 
for developing the initial system, but with the knowledge that they may change to accommodate 
the particular architectures selected. 

Minimum communication range for the “STOP” auditory + stop-sign visual warning 
assuming a 1.0 s too-early time shift 
The minimum communication range requirement does not change as a function of warning type. 
For a derivation of this requirement, refer back to the “Red Light” + haptic soft-braking warning 
section. 

Update rate and packet reliability for the “STOP” auditory + stop-sign visual warning 
assuming a 1.0 s too-early time shift 
As discussed in the detuning section, the update rate and packet reliability are interdependent. 
Lower update rates would be more susceptible to lost packets than would higher rates. Considering 
the allowable warning error, the minimum specifications are 4 Hz with zero dropped packets, 7 Hz 
with one dropped packet, or 10 Hz with two dropped packets. 
 
Data latency for the “STOP” auditory + stop -sign visual warning assuming a 1.0 s too-early 
time shift 
This requirement was determined analytically and is based on the update rate selected, since this 
determines the point at which information received or sent by a system can lose time 
synchronization. Thus, data latency cannot be more than half of the period for the update rate that 
is selected. For example, at 10 Hz, the period is 0.1 s. Therefore, the maximum allowable data 
latency would be 0.05 s. This guarantees that data will be received in the correct timing window. 
 
Packet size for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s too-early 
time shift 
The CAMP VSC project is working on developing the necessary requirements for safety 
applications including system overhead for security. At this point, DSRC appears to have the 
ability to handle the packet size required for any envisioned architecture. 
 
Content of data stream for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s 
too-early time shift 
The data stream requirements from ICAV should be developed in a generic format with the ability 
to carry all relevant information both to and from the vehicle for any possible architecture 
deployment. By standardizing the message set, the system integrators will be able to develop 
working systems using preset content rather than having to develop both the content and system 
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requirements on a case-by-case basis. With that said the minimum communications subsystem 
would be designed for one-way communications. The vehicle would, at a minimum, need to 
receive the signal phase and timing, stop bar coordinates, and GPS correction data. 

Table 48. Minimum communication specifications for the “STOP” + stop-sign warning 
assuming a 1.0 s too-early time shift. 

Specification Type Minimum Requirement 
Minimum 
Communication 
Range 
Update Rate and packet 
reliability 

4Hz with zero dropped packets, 7 Hz with one dropped packet, or 10 Hz with 
two dropped packets 

Data latency 
0.05 s assuming a 10 Hz update rate. 

At most, half of the period for the update rate that is selected. Latencies higher 
than the requirement would prevent accurate data synchronization. 

Packet Size 

256 bytes. 

Initial testing at VTTI showed major performance degradation when packet size 
increased from 256 to 512 bytes; therefore, VTTI currently recommends a packet 
structure of up to 256 bytes. 

Content of data stream 

Will include, at a minimum, signal phase and timing and stop bar locations. 

The content may include but is not limited to: traffic signal phase/timing, 
intersection geometry, security information, weather/road surface conditions, 
adjacent traffic kinematics, and GPS correction information. The content of the 
data stream will not be determined by tests but by the needs of the final threat 
assessment algorithm. 

Security
While developing security requirements is outside the scope of this project, the 
communications subsystem needs to be “hack proof” to maintain a high level of 
public safety and public trust in the technology. 

*Note: All requirements are assuming an otherwise perfectly performing system. 

Sensors Specifications and Requirements for the “STOP” Auditory + Stop-Sign Visual 
Warning Assuming a 1.0 s Too-Early Time Shift 
Other than positioning, which is included in a separate section below, speed and acceleration were 
the only in-vehicle sensors employed. The testbed algorithm did not use acceleration as a 
continuous measure in the threat assessment. Rather acceleration was used as a binary switch to 
exclude drivers who were braking. Thus, VTTI did not perform detuning of the acceleration 
measure as it would have no influence on the threat assessment accuracy. The only measure which 
had a direct impact on the threat assessment was speed. Specifications for this measure are 
described below and summarized in Table 49. 

Maximum speed for the “STOP” auditory + stop -sign visual warning assuming a 1.0 s too-
early time shift 
This specification was based on an informal survey of State and Federal regulations. While 
specific numbers regarding speed limits at intersections could not be found, no limit exceeding 
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88.5 kph (55 mph) was found. A 24.1 kph (15 mph) cushion was added to that number to 
account for the possibility of speeding, resulting in the specification of 112.7 kph (70 mph). 

Minimum speed for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s too-
early time shift 
This specification was based on the need to prevent false alarms in slow moving traffic. 
Informal tests indicate that identifying a violator at speeds below 24.1 kph (15 mph) would be 
difficult. 

Accuracy for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s too-early time 
shift 
Based on the results of the detuning tests and considering the allowable error in algorithm 
timing, the maximum error in speed measurement is ±4 percent of the speed at the warning onset. 
This value equates to ±1.6 kph (±1 mph) for the worst-case 40.2 kph (25 mph) condition. As 
discussed in the detuning section of this report, the accuracy requirements decrease with increasing 
speed. 

Update rate for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s too-early 
time shift 
In order to maintain the required level of accuracy in the speed, the measure must update once for 
every 1.6 kph (1 mph) deviation. If speed sensing is reported on a clocked interval, it must be 
updated at a minimum of 3 Hz. This update rate is based on the change in speed that can occur 
within one update cycle. The change in speed during an update cycle must be less than the 
required accuracy defined above. The maximum change in speed was calculated assuming a 
deceleration of 0.1 g. Any driver braking at a level higher than 0.1 g would not be warned because 
the driver would be considered to be braking (and thus aware of the intersection state). 

Data latency for the “STOP” auditory + stop- sign visual warning assuming a 1.0 s too-early 
time shift 
This requirement was determined analytically and is based on the update rate selected, since this 
determines the point at which information received or sent by a system can lose time 
synchronization. Thus, data latency cannot be more than half of the period for the update rate that 
is selected. For example, at 3 Hz, the period is 0.33 s. Therefore, the maximum allowable data 
latency would be 0.17 s. Higher latencies would prevent accurate data synchronization. 
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Table 49. Vehicle Speed Sensing Requirements for the “STOP” auditory + stop-sign visual 
warning assuming a 1.0 s too-early time shift. 

Specification 
Type Minimum Requirement 

Maximum 
Speed 

112.7 kph (70 mph) 

This has been the assumed upper limit for all tests and is considered a 
maximum limit speed for intersection approaches 

Minimum 
Speed 

24.1 kph (15 mph) 

To prevent false alarms in slow-moving traffic, this has been the assumed 
lower limit for all tests and is considered a minimum limit speed for 
intersection approaches. 

Accuracy 
± 4% of the speed traveled. This equates to ±1.6 kph (±1 mph) in the worst 
case speed of 40.2 kph (25 mph) 

Derived from the detuning tests assuming the worst-case 25 mph condition 

Update Rate 

Minimum of 3 Hz 

This requirement is based on the inverse of the time required for the vehicle to 
accelerate or decelerate beyond the allowable speed error magnitude defined 
above. The smallest accuracy occurred for the 40.3 kph (25 mph) speed. If a 
0.1 g acceleration input is assumed, then 0.45 s are required to reduce vehicle 
speed by the 1.6 kph (1 mph) specified by the speed accuracy requirement. 
These 0.45 s represent a minimum update rate of 2.2 Hz, which is rounded up 
to 3 Hz. 

Speed 

Data latency 

At most, half of the period for the update rate that is selected. This equates to 
0.17 s at an assumed update rate of 3Hz. 

Latencies higher than the requirement would prevent accurate data 
synchronization. 

*Note: All requirements are assuming an otherwise perfectly performing system. 

Positioning Specifications and Requirements for the “STOP” Auditory + Stop-Sign Visual 
Warning Assuming a 1.0 s Too-Early Time Shift 
Although positioning accuracies are discussed in terms of longitudinal and lateral errors, in an 
actual system these are not differentiable. If GPS is the positioning technology used, errors are 
circular rather than attributed to a particular direction. Although lateral and longitudinal errors 
are both discussed, longitudinal accuracy provides the greatest constraint. Thus, longitudinal 
accuracy was selected as the minimum positioning requirement. The requirements for the 
positioning system are discussed below and summarized in Table 50. 
 
Longitudinal accuracy for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s 
too-early time shift 
The required longitudinal accuracy can be directly read from the detuning tests when considering 
the error bounds (0.26 g to 0.30 g as discussed previously). To stay within the system error 
boundary, the longitudinal accuracy must not exceed 1.31 m (4.30 ft). 
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Lateral accuracy for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s too-
early time shift 
Lateral accuracy requirements are a function of lane width. Given that circular error of GPS, the 
accuracy positioning system is determined by the more conservative longitudinal requirement of 
1.31 m. 
 
Update rate for the “STOP” auditory + stop-sign visual warning assuming a 1.0 s too-early 
time shift 
The update rate for positioning is calculated as a function of the allowable longitudinal error to 
deliver an on-time warning. It considers the distance traveled during a single update cycle. The 
distance traveled must not exceed the required longitudinal accuracy specified above. Considering 
this limitation, an 8.54 Hz update rate would be required to maintain a 1.31 m positioning 
accuracy. This is then rounded up to 9 Hz. 
 
Data latency for the “STOP” auditory + stop -sign visual warning assuming a 1.0 s too-early 
time shift 
This requirement was determined analytically and is based on the update rate selected, since this 
determines the point at which information received or sent by a system can lose time 
synchronization. Thus, data latency cannot be more than half of the period for the update rate that 
is selected. For example, at 9 Hz, the period is 0.11 s. Therefore, the maximum allowable data 
latency would be 0.06 s. Higher latencies would prevent accurate data synchronization. 
 
 

Table 50. Vehicle Position Sensing Requirements for the “STOP” auditory + stop-sign 
visual warning assuming a 1.0 s too-early time shift. 

Specification 
Type Minimum Requirement 

 Longitudinal 
Accuracy Less than ±1.31 m (4.30 ft) 

 Lateral 
Accuracy Less than ±1.31 m (4.30 ft) 

  At least 9 Hz 
Vehicle Update The distance traveled during an update cycle must not exceed the required 
Position Rate longitudinal accuracy specified above. Considering this limitation the specified 

update rate to maintain a 1.31 m positional accuracy is 9 Hz. 
 

Data 
Latency 

At most, half of the period for the update rate that is selected. For a 9 Hz system this 
equates to 0.06 s 

Latencies higher than the requirement would prevent accurate data synchronization. 
*Note: All requirements are assuming an otherwise perfectly performing system. 
 
Computations Specifications and Requirements for the “STOP” Auditory + Stop-Sign 
Visual Warning Assuming A 1.0 s Too-Early Time Shift 
Table 51 presents the requirements for the computations function of an ICAV system. The 
update rate requirement is driven by the requirements of other subsystems. For instance, if a 
communications update rate of 5 Hz is required, the computations system must accept and 
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compute the communications inputs at 5 Hz. As for other system components, algorithm latency is 
the dependent on the desired update rate, and would be at most half of the period for the selected 
update rate. For example, for a 10 Hz update rate, which has been shown to comply with all 
requirements thus far, the maximum latency has to be less than 0.05 s. Higher latencies would 
hinder data synchronization. 
 
The warning-onset timing is provided in terms of WDP, calculated in the same manner as 
described in the previous section for the “Red Light” auditory + haptic soft-braking warning. The 
0.28 g WDP value is a nominal setting that arises from the previous discussion. Recall that the 
too-late warning onset was set at 0.30 g for the “STOP” auditory + stop-sign visual warning, and 
that the WDP for a maximum 2 percent nuisance alarms was 0.26 g. The nominal warning timing, 
which is presented as the requirement, was the mid-point of this interval, 0.28 g. 
 
The nuisance alarm rate is defined as the frequency of occurrence of an alarm that is too early for a 
particular driver during a particular intersection approach. The 2 percent rate presented as the 
requirement for the worst-case scenario was obtained using engineering judgment, carefully 
considering the tradeoff of decreasing the rate as much as possible while still allowing for the 
establishment of feasible system specifications. 
 
The miss rate is defined as the frequency of occurrence of an event for which the driver should be 
warned during an intersection approach, but no warning is issued. The safety implications of 
misses motivate the goal of a zero miss rate for intersections that are properly instrumented (for 
the signalized case) or identified (for the stop sign case) in combination with vehicles equipped 
with an ICAV system. 
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Table 51. ICAV computations specifications for the “STOP” auditory + stop-sign visual 
warning assuming a 1.0 s too-early time shift. 

Specification Type Minimum Requirement 

Update Rate 

10 Hz 

Specification is set to the maximum update rate suggested in the 
requirements for its input subsystems, in this case the update rate necessary 
for accurate positioning as described above. 

Latency 

0.05 s 

At most, half of the period for the update rate that is selected. 
Latencies higher than the requirement would prevent accurate data 
synchronization. 

Warning Onset Timing 
Equation 

WDP = 0.28 g 

Determined as the mid-point of the interval defined by the empirically- 
obtained warning threshold and the nuisance alarm limit. 

False Alarm Rate 2% 
Miss Rate Zero 

PERFORMANCE REQUIREMENTS AND GUIDELINES FOR THE DVI 
 
Up to this point, this section has presented everything in terms of minimum performance 
specifications. When discussing the DVI however, performance is typically presented in terms of 
guidelines rather than specifications. There are a large number of DVI possibilities, and the levels 
of these DVIs are typically not continuous as is the case for other subsystems. For example, if 
there are 25 possible ICAV auditory warnings identified, there is no absolute, continuous scale to 
place them on as can be done for specifications such as warning-onset timing. This makes it 
difficult to design and conduct experiments that result in some ground truth for DVIs. However, 
there are still some overarching DVI requirements, and these are presented in Table 52. The DVI 
guidelines are presented in Table 53. The guidelines are based on the on-road DVI tests 
conducted as part of the ICAV project as well as a review of the literature. The guidelines 
presented in Table 53 support both warning types discussed in this section. The information also 
supports the use of other DVI types as well as combinations of DVI modalities not tested during 
the on-road tests. 
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Table 52. Requirements for the DVI. 

Requirement DVI Requirement 
Conspicuity Must attract the driver’s attention. 

Included in this aspect are issues of size, loudness, amplitude, brightness, color, and 
location. 

Flexibility Ideally, would allow seamless integration with other collision avoidance systems. 
Addressability Ideally, DVI only noticeable by the driver. 
Distinguishability Ideally, the warning is uniquely identified as ICAV and not confused with other 

warnings that may be present in the vehicle 
Comprehensibility Ideally, the warning is immediately understood as a Violation warning and not 

confused with any other signal in the vehicle 
Update rate To match other subsystems (e.g. computations, positioning). 



 

Table 53. ICAV DVI performance guidelines. 

Guideline Type Performance Guideline 
Levels of alert Single stage imminent violation warning. 
Recommended 
modality 

Haptic and speech-based auditory. A visual display is not advised as 
a primary means of attracting driver attention, but may have 
applicability in integrated warnings. 

Tone-based auditory warnings may be used instead of the speech- 
based auditory provided equal system efficacy levels are 
demonstrated by the system designer. 

Type Voice warning (urgent “Red Light”) 
Amplitude - tone or 
voice 

At least 15 dB above the amplitude of the masked threshold (the 
minimum level at which a sound must be produced for it to be 
audible in a specific noise environment; it depends of the 
characteristics of the noise environment, including the dominant 
frequencies of the noise wave and their associated sound levels). 

Frequency - tone Mixed waveforms with 2500 & 2650 Hz peaks (if non-speech tone 
used). Demonstration of equal efficacy is needed. 

Temporal - tone Intermittent or changing over time (if non-speech tone used). 
Demonstration of equal efficacy is needed. 

Auditory 
display 

Integration - tone Well-separated from existing auditory warnings requiring a different 
driver response, but similar to existing auditory warnings requiring 
the same driver response. Demonstration of equal efficacy is 
needed. 

Type Soft-braking. 

Brake pulses may be used instead of soft-braking provided equal 
system efficacy levels are demonstrated by the system designer. 

Jerk 3 g/s ± 1 g/s 

Higher jerks resulted in high annoyance; lower jerks were not tested 
because 3 g/s has been identified as appropriate in the literature. 

Maximum 
deceleration levels 

0.3 g 

Based on acceptable braking command for intelligent cruise control 
applications. 

Pulse separation for 
pulsing 

Pulse separation of 100 ms 

Haptic 
display 

Number/ duration of 
pulses for pulsing 

Three pulses of 600 ms 

Warning type Iconic indicator 

Color Red-orange, amber, or yellow indicator 

Icon type Stop sign icon 

Size Visual angle subtended > 30 arcminutes 
Visual 
display 
(if used) 

Contrast ratio 1.4:1 Minimum for daytime 
(foreground: 
background) 

2:1 Minimum for nighttime 
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OBJECTIVE TESTS 

SCOPE OF OBJECTIVE TESTS 

These tests were developed with the goal of providing a method for ensuring that any future 
ICAV FOT system could be validated against the performance specifications and requirements 
detailed earlier in this report. The tests are designed to validate the technical subsystems of an 
ICAV system: communications, positioning, and sensors. In addition, a set of tests for the 
computations subsystem is provided to ensure accurate warning timing for the DVI selected, as 
well as to check overall system performance. 
 
An important note for these objective tests is that they are architecture independent. As such, 
these tests assume a “properly equipped” intersection; that is, there must be sufficient 
components in the infrastructure and vehicle to meet the minimum performance specifications. 
In addition, the tests can be conducted at either a three-phased signalized intersection or a stop-
sign-controlled intersection, as appropriate. 
 
The following assumptions were necessary in the development of these tests: 
• The tests are designed to be intersection independent. As such, problems with the 

intersection configuration (e.g., communications are blocked by obstacles in one 
approach) are assumed to be resolved within the intersection instrumentation phase (e.g., a 
signal relay station is set for the approach with the blocked communications). 

• The input signals used by the ICAV computations hardware within the prototype ICAV 
system can be monitored and recorded in real-time. These signals can then be stored 
within a time-stamped dataset for comparison against the corresponding values obtained 
from the performance validation hardware. 

• For the purposes of testing, the performance validation hardware will exceed the 
capabilities required by the performance specifications, so that it can serve as a “ground 
truth” in the comparisons. The specifications provided here for the validation hardware 
capabilities were chosen to represent the capabilities of current high-end hardware, while 
allowing for minimum accuracy levels that are less than or equal to 25 percent of the ICAV 
performance specification. 

TESTS FOR POSITIONING SPECIFICATIONS 

The tests specified in this section may be used to asses the compliance of a prototype ICAV 
system with the minimum positioning performance specifications. Accurate vehicle positioning 
relative to the intersection is paramount to successful warning timing. Excessive positioning 
errors will result in misclassification of an approaching vehicle. Depending on the type and 
direction of a positioning error, misclassification may result in incorrect warning timing, 
unnecessary warning delivery, or failure to provide a necessary warning. 
 
Accurate vehicle positioning depends on the accuracy of two components: the vehicle 
positioning sensing hardware and the intersection map. The objective tests in this section are 
designed to evaluate the compliance of both of these components with the positioning 
performance specifications, regardless of how the architecture of the system is defined. This 
allows these objective tests to remain architecture independent. 
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To ensure performance of the prototype ICAV system, a small set of objective tests should be 
carried out. The tests are designed to validate the lateral and longitudinal positing accuracy for 
high and low-speed scenarios. Scenarios will be repeated five times each, and any failure of the 
prototype ICAV system to comply with the positioning system performance specifications during 
these trials will result in failure for the prototype ICAV system. Re-testing may commence once 
the deficiency has been corrected. 
 

Test 1. Positioning system performance at 112.7 kph (70 mph) 

Test Overview and Purpose 
This test evaluates the positioning system performance when traveling at a high approach speed, 
which was defined as the maximum vehicle operational speed within the performance 
specifications. In this test, the vehicle attains and maintains a constant speed on a straight road 
segment containing an intersection. In order to successfully complete this test, the system shall 
comply with all positioning performance specifications. 
 
Test Site Setup 
This test can be performed on any test-track intersection that allows a 112.7 kph (70 mph) speed to 
be safely attained and maintained for more than 300 m. A test-track roadway with an intersection is 
necessary to provide a fixed reference point (i.e., the intersection stop bar). The test site selected 
shall provide the test vehicle with any positioning information that the vehicle requires for its 
normal operation at an intersection (e.g., differential corrections for the GPS). For the sake of this 
test, a radius of curvature greater than 1,000 m shall be considered to represent a straight segment, 
with roadway characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

 
Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 
 
Instrumentation Requirements 
The performance validation hardware shall include an experimental laptop equipped to gather 
information from the vehicle’s ICAV positioning data stream. The laptop shall: Be connected 
to a DGPS unit that is accurate to 5cm in a dynamic environment Be able to synchronize and 
store both data streams for off-line analysis of the test results Contain a lane-level accurate map 
of the intersection that allows for the determination of accurate longitudinal and lateral 
positions with respect to the stop-bar and the lane delimiters, respectively 
Individual points in this validation map shall be accurate to 5 cm and sampled at least every 20 
m along the intersection approach. Continuous lane delimiter position for validation will be 
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interpolated from these sampled validation map locations (i.e., the ones spaced at a minimum of 
20 m). 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 112.7 kph (70 mph) and is located 300 
m (984 ft) from the intersection approach’s stop bar. The test shall continue until the vehicle has 
crossed the intersection stop bar. The test shall be aborted if its safety is compromised in any way, 
including: 
• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. These measures are illustrated in Figure 48. 
• ICAV-measured vehicle absolute position 
• ICAV-measured vehicle position relative to the intersection stop-bar 
• ICAV-measured vehicle position relative to the closest lane delimiter 
• DGPS-measured vehicle absolute position 
• DGPS-measured vehicle position relative to the intersection stop-bar 
• DGPS-measured vehicle position relative to the closest lane delimiter 



 

 
Figure 48. Illustration of the measures taken for this test,(1a) the difference in absolute 
positions between the indicated validation positioning and ICAV positioning samples is 

small, but the error in the ICAV map creates a large difference in the distances relative to 
the stop bar; (2) comparison of the distances relative to the stop bar for the ICAV and 

validation samples will yield a small difference, but the difference in absolute positions is 
large. 

 
These measures will yield sufficient information to determine if the overall system complies with 
the positioning specification. If it does not, the measures will also indicate whether the error was 
due to the positioning sensing in the vehicle or due to an incorrect map. Both examples in Figure 
48 show data that would yield test failure. In the first case, the system absolute positioning for 
the last data sample would be within specifications, but the position relative to the stop bar would 
be outside specifications, conditions that would be reversed for the second case. Furthermore, the 
tests would allow the determination that the problem in the first test lies on the ICAV map, whereas 
both the ICAV map and the ICAV positioning sensing hardware are at fault in the second case. 
 
If the ICAV algorithm in the vehicle does not accept any lane-level positioning information, then 
the lateral positioning measurements shall not be taken. 
 
Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
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the case, the performance validation hardware shall register a “no update” data signature within 
its data stream. 
 
Evaluation Criteria 
The synchronized vehicle positioning data streams shall be examined to determine the following 
measures: 

• Absolute Longitudinal Position Accuracy: The ICAV-input vehicle absolute longitudinal 
positioning shall be within ±1.11 m (3.61 ft) of the actual absolute longitudinal position, as 
determined by the DGPS unit, at each data sample taken during the approach. However, 
failure occurs if two consecutive points fail to comply with the specification. 

• Longitudinal Position (Relative to Stop-bar) Accuracy: The ICAV-input vehicle 
longitudinal positioning relative to the stop-bar shall be within ±1.11 m (3.61 ft) of the 
actual longitudinal position relative to the stop-bar, as determined by the DGPS unit, at 
each data sample taken during the approach. However, failure occurs if two consecutive 
points fail to comply with the specification. 

• Absolute Lateral Position Accuracy: The ICAV-input vehicle absolute lateral position 
shall also be within ±1.11 m (3.61 ft) of the actual absolute lateral position, as driven by 
the longitudinal position accuracy requirement. Failure occurs if two consecutive points 
fail to comply with the specification. 

• Lateral Position (Relative to Closest Lane Delimiter) Accuracy : The ICAV-input vehicle 
lateral position relative to the closest lane delimiter shall be within 5 m (16.4 ft) of the 
actual lateral position relative to the closest lane delimiter, as determined by the DGPS unit, 
if lane level accuracy is not needed. If lane level accuracy is required, then the ICAV-input 
vehicle lateral position relative to the closest lane delimiter shall be within ±1.11 m (3.61 
ft) of the actual lateral position relative to the closest lane delimiter, as determined by the 
DGPS unit. In either case, the specification shall apply to each data sample taken during the 
approach. However, failure occurs if two consecutive points fail to comply with the 
specification. 

• Update Rate: Updates to the ICAV-input vehicle position shall occur at a frequency of at 
least 10 Hz throughout the approach. 

• Latency: The ICAV-input vehicle positioning shall be no more than ±0.05 s early or late 
of the actual position, as determined by the DGPS unit, throughout the approach. 

 
The lateral accuracy specification shall not be tested if the ICAV algorithm in the vehicle does 
not accept or require lane-level positioning information. In this case, the system shall pass if it 
complies with all longitudinal positioning performance specifications. 

This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the positioning performance specifications, as described above, during these trials 
shall result in failure of the prototype ICAV system. 
 

Test 2. Positioning system performance at 24.1 kph (15 mph) 

Test Overview and Purpose 
This test evaluates the system positioning system performance when traveling at a low approach 
speed, which was defined as the minimum system operational speed within the performance 
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specifications. In this test, the vehicle attains and maintains a constant speed on a straight road 
segment. In order to successfully complete this test, the system shall comply with all positioning 
performance specifications. 
 
Test Site Setup 
This test can be performed on any test-track intersection that allows a 24.1 kph (15 mph) speed 
to be safely attained and maintained for more than 150 m. A test-track roadway with an 
intersection is necessary to provide a fixed reference point (i.e., the intersection stop bar). The 
test site selected shall provide the test vehicle with any positioning information that the vehicle 
requires for its normal operation at an intersection (e.g. differential corrections for the GPS). For 
the sake of this test, a radius of curvature greater than 1,000 m shall be considered to represent a 
straight segment, with roadway characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

 
Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 
 
Instrumentation Requirements 
The performance validation hardware shall include an experimental laptop equipped to gather 
information from the vehicle’s ICAV positioning data stream. 
The laptop shall: 

• Be connected to a DGPS unit that is accurate to 5cm in a dynamic environment 
• Be able to synchronize and store both data streams for off-line analysis of the test results 
• Contain a lane-level accurate map of the intersection that allows for the determination of 

accurate longitudinal and lateral positions with respect to the stop-bar and the lane 
delimiters, respectively 

 
Individual points in this validation map shall be accurate to 5 cm and sampled at least every 20 m 
along the intersection approach. Continuous lane delimiter position for validation will be 
interpolated from these sampled validation map locations (i.e., the ones spaced at a minimum of 
20 m). 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 
 
Test instructions 
Data collection shall begin when the vehicle is first is traveling at 24.1 kph (15 mph) and located at 
150 m (492 ft) from the intersection approach’s stop bar. The test shall continue until the vehicle 
has crossed the intersection stop bar. The test shall be aborted if its safety is compromised in any 
way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
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• Vehicle control is compromised in any way 
 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 
 
Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. These measures are the same of those illustrated in Figure 45. 

• ICAV-measured vehicle absolute position 
• ICAV-measured vehicle position relative to the intersection stop-bar 
• ICAV-measured vehicle position relative to the closest lane delimiter 
• DGPS-measured vehicle absolute position 
• DGPS-measured vehicle position relative to the intersection stop-bar 
• DGPS-measured vehicle position relative to the closest lane delimiter 

 
These measures will yield sufficient information to determine if the overall system complies with 
the positioning specification. If it does not, the measures will also indicate whether the error was 
due to the positioning sensing in the vehicle or due to an incorrect map. Both examples in Figure 45 
show data that would yield test failure. In the first case, the system absolute positioning for 
the last data sample would be within specifications, but the position relative to the stop bar would 
be outside specifications, conditions which would be reversed for the second case. Furthermore, the 
tests would allow the determination that the problem in the first test lies on the ICAV map, whereas 
both the ICAV map and the ICAV positioning sensing hardware are at fault in the second case. 
 
If the ICAV algorithm in the vehicle does not accept any lane-level positioning information, then 
the lateral positioning measurements shall not be taken. 
 
Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 
 
Evaluation Criteria 
The synchronized vehicle positioning data streams shall be examined to determine the following 
measures: 

• Absolute Longitudinal Position Accuracy: The ICAV-input vehicle absolute longitudinal 
positioning shall be within ±1.11 m (3.61 ft) of the actual absolute longitudinal position, as 
determined by the DGPS unit, at each data sample taken during the approach. However, 
failure occurs if two consecutive points fail to comply with the specification. 

• Longitudinal Position (Relative to Stop-bar) Accuracy: The ICAV-input vehicle 
longitudinal positioning relative to the stop-bar shall be within ±1.11 m (3.61 ft) of the 
actual longitudinal position relative to the stop-bar, as determined by the DGPS unit, at 
each data sample taken during the approach. However, failure occurs if two consecutive 
points fail to comply with the specification. 
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• Absolute Lateral Position Accuracy: The ICAV-input vehicle absolute lateral position shall 
also be within ±1.11 m (3.61 ft) of the actual absolute lateral position, as determined by the 
DGPS unit. Failure occurs if two consecutive points fail to comply with the specification. 

• Lateral Position (Relative to Closest Lane Delimiter) Accuracy: The ICAV-input vehicle 
lateral position relative to the closest lane delimiter shall be within 5 m (16.4 ft) of the 
actual lateral position relative to the closest lane delimiter, as determined by the DGPS 
unit, if lane level accuracy is not needed. If lane level accuracy is required, then the ICAV-
input vehicle lateral position relative to the closest lane delimiter shall be within ±1.11 m 
(3.61 ft) of the actual lateral position relative to the closest lane delimiter, as determined by 
the DGPS unit. In either case, the specification shall apply to each data sample taken 
during the approach. However, failure occurs if two consecutive points fail to comply with 
the specification. 

• Update rate: Updates to the ICAV-input vehicle position shall occur at a frequency of at 
least 10 Hz throughout the approach. 

• Latency: The ICAV-input vehicle positioning shall be no more than ±0.05s early or late 
of the actual position, as determined by the DGPS unit, throughout the approach. 

 
The lateral accuracy specification shall not be tested if the ICAV algorithm in the vehicle does 
not accept or require lane-level positioning information. In this case, the system shall pass if it 
complies with all longitudinal positioning performance specifications. 

This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the positioning performance specifications, as described above, during these trials 
shall result in failure of the prototype ICAV system. 

TESTS FOR SPEED SENSING SPECIFICATIONS 

These tests are used to assess compliance of a prototype ICAV system with the minimum speed 
sensing performance specifications. Speed sensing is a critical component of the ICAV system, as 
warning timing is directly dependent on the speed of the vehicle. If speed is underestimated, 
warnings will tend to be too late. If speed is overestimated, warnings will tend to be too early. 
 
The speed sensing performance of the prototype ICAV system will be evaluated using three 
scenarios, presented in this section. Two of these scenarios consist of approaches at different 
speeds, while the third contains pre-specified changes in speeds that are designed to test data 
latency. Data are to be collected continuously during these scenarios. Scenarios will be repeated 
five times each, and any failure of the prototype ICAV system to comply with the speed 
performance specifications during these trials will result in failure for the prototype ICAV system. 
Re-testing may commence once the deficiency has been corrected. 

Test 1. Speed sensing performance at 112.7 kph (70 mph) 

Test Overview and Purpose 
This test evaluates the system speed sensing performance when traveling at a high approach 
speed, which was defined as the maximum system operational speed within the performance 



 

specifications. In this test, the vehicle attains and maintains a constant speed on a straight road 
segment. In order to successfully complete this test, the system must comply with all sensing 
performance specifications. 

Test Site Setup 
This test can be performed on any test-track road segment that allows a 112.7 kph (70 mph) speed 
to be safely attained and maintained for more than 300 m. An intersection is not required for this 
test. However, the test site selected shall provide the test vehicle with any positioning information 
that the vehicle requires for its normal operation at an intersection (e.g. differential corrections for 
the GPS). For the sake of this test, a radius of curvature greater than 1,000 m shall be considered to 
represent a straight segment, with roadway characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 

Instrumentation Requirements 
The performance validation hardware shall include a laptop equipped to gather information from 
the vehicle’s speed sensing data stream. The laptop shall be: 

• Connected to a DGPS unit that has a speed sensing accuracy better than ±1  percent 
and an update rate of 20 Hz 

• Able to synchronize and store both data streams for off-line analysis of the test results 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 112.7 kph (70 mph) and continue until 
the vehicle has traveled more than 300 m (984 ft) on the road segment. This test does not need to 
be performed during an intersection approach. The test shall be aborted if its safety is 
compromised in any way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. 
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• ICAV-measured vehicle speed 
• DGPS-measured vehicle speed 

Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 

Evaluation Criteria 
The synchronized vehicle speed data streams shall be examined to determine the following 
measures: 

• Accuracy: The ICAV-input vehicle speed shall be within ±4 percent of the actual speed 
traveled, as determined by the DGPS unit, at each data sample taken during the approach. 
However, the system shall not fail this test unless two consecutive points do not comply 
with the specification. 

• Update rate: Updates to the ICAV-input vehicle speed shall occur at a frequency of at 
least 3 Hz throughout the approach. 

 
This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the speed performance specifications, as described above, during these trials shall 
result in failure of the prototype ICAV system. 

Test 2. Speed sensing performance at 24.1 kph (15 mph) 

Test Overview and Purpose 
This test evaluates the system speed sensing performance when traveling at a low approach 
speed, which was defined as the minimum system operational speed within the performance 
specifications. In this test, the vehicle attains and maintains a constant speed on a straight road 
segment. In order to successfully complete this test, the system shall comply with all speed 
sensing performance specifications. 

Test Site Setup 
This test can be performed on any test-track road segment that allows a 24.1 kph (15 mph) speed 
to be safely attained and maintained for more than 150 m. An intersection is not required for this 
test. However, the test site selected shall provide the test vehicle with any positioning information 
that the vehicle requires for its normal operation at an intersection (e.g. differential corrections for 
the GPS). For the sake of this test, a radius of curvature greater than 1,000 m shall be considered to 
represent a straight segment, with roadway characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 
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Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 

Instrumentation Requirements 
The performance validation hardware shall include a laptop equipped to gather information from 
the vehicle’s speed sensing data stream. The laptop shall be: 

• Connected to a DGPS unit that has a speed sensing accuracy better than ±1  percent 
and an update rate of 20 Hz 

• Able to synchronize and store both data streams for off-line analysis of the test results 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 
 
Test instructions 
Data collection shall begin when the vehicle is traveling at 24.1 kph (15 mph) and continue until 
the vehicle has traveled more than 150 m (492 ft) on the road segment. This test does not need to 
be performed during an intersection approach. The test shall be aborted if its safety is 
compromised in any way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. 

• ICAV-measured vehicle speed 
• DGPS-measured vehicle speed 

Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 

Evaluation Criteria 
The synchronized vehicle speed data streams shall be examined to determine the following 
measures: 

• Accuracy: The ICAV-input vehicle speed shall be within ±4 percent of the actual speed 
traveled, as determined by the DGPS unit, at each data sample taken during the approach. 
However, the system shall not fail this test unless two consecutive points do not comply 
with the specification. 

• Update rate: Updates to the ICAV-input vehicle speed shall occur at a frequency of at 
least 3 Hz throughout the approach. 
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This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the speed performance specifications, as described above, during these trials shall 
result in failure of the prototype ICAV system. 
 

Test 3. Variable speed sensing performance 

Test Overview and Purpose 
This test evaluates the latency of the speed sensors. In this test, the vehicle attains a constant speed 
and then accelerates and decelerates to other speeds. In order to successfully complete this test, the 
system shall comply with all speed sensing performance specifications. 
 
Test Site Setup 
This test can be performed on any test-track road segment that allows a 72.4 kph (45 mph) speed 
to be safely attained and maintained for more than 1500 m. An intersection is not required for this 
test. However, the test site selected shall provide the test vehicle with any positioning information 
that the vehicle requires for its normal operation at an intersection (e.g., differential corrections for 
the GPS). For the sake of this test, a radius of curvature greater than 1,000 m shall be considered to 
represent a straight segment, with roadway characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 

Instrumentation Requirements 
The performance validation hardware shall include a laptop equipped to gather information from 
the vehicle’s speed sensing data stream. The laptop shall be: 

• Connected to a DGPS unit with speed data latency less than 0.025 s and an update rate of 
20 Hz 

• Able to synchronize and store both data streams for off-line analysis of the test results 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 72.4 kph (45 mph) and continue as 
the vehicle performs the following maneuvers: 

• Accelerate to 88.5 kph (55 mph) within 2 s, immediately decelerate to 56.3 kph (35 mph) 
within 3 s. 

• From 56.3 kph (35 mph), accelerate to 88.5 kph (55 mph) within 4 s, immediately 
decelerate to 56.3 kph (35 mph) within 2 s. 
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This test does not need to be performed during an intersection approach. The test shall be 
aborted if its safety is compromised in any way, including: 
• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
The nominal test speeds shall be obtained from the vehicle’s speedometer while the test is 
conducted. For the test to be valid, actual nominal goal speeds must not deviate more than 6.4 
kph (4 mph) from the instructed speeds through the entire run. 
 
Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. 
• ICAV-measured vehicle speed 
• DGPS-measured vehicle speed 

Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 

Evaluation Criteria 
The synchronized vehicle speed data streams shall be examined to determine the following 
measures: 
• Data latency: Determined as the average time it takes for the vehicle speed data stream to 

reach the actual values (determined by DGPS) during vehicle acceleration and 
deceleration. The maximum allowable data latency is 0.17 s. 

 
This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the speed performance specifications, as described above, during these trials shall 
result in failure of the prototype ICAV system. 

TESTS FOR COMMUNICATIONS SPECIFICATIONS 

The tests specified in this section may be used to assess the compliance of a prototype ICAV 
system with the minimum communication system performance specifications. At a minimum, 
the communications subsystem delivers information regarding the signal phase and timing as 
well as stop bar locations to the positioning and computations subsystems. Thus, errors in the 
communications system directly affect the countermeasure effectiveness. 
 
The ICAV system originally devised for this research was limited to one-way (infrastructure to 
vehicle) communications. As such, the purpose of the following objective tests is to validate the 
capability of the prototype vehicle to receive information from the infrastructure. Recently, it has 
been suggested that the ICAV system may incorporate two-way communication. If this is the case, 
some modification of these tests to validate both the send and receive capabilities of the vehicle 
(e.g., placing the test equipment roadside in addition to the equipment in the vehicle) will be 
required. 



 

166 

The purpose of the communications system is to provide the vehicle with the relevant information 
about the intersection. As presented in the performance specifications, this information is, at a 
minimum, signal phase, signal timing, and stop bar locations. These specifications have been 
developed in concert with the IDS project, which is charged with attaining and transmitting this 
information from the intersection. These objective tests are designed to test whether the available 
data stream contains, at a minimum, the information required by the ICAV minimum performance 
specifications for communications. Note that tests for the infrastructure component of this 
communications system (e.g., the transmitter) are not included in this document, as this component 
is not a direct part of the ICAV system. Tests for infrastructure components will be developed as 
part of the IDS project. These tests must include a validation of the accuracy of the information 
that is being broadcast from the intersection. 
 
To ensure sufficient performance of the prototype ICAV system, two objective tests should be 
carried out on the communications subsystem. The tests are designed to validate the dynamic 
communications range, the update rate, packet reliability, packet latency, and packet size for high 
and low-speed scenarios. Scenarios will be repeated five times each, and any failure of the 
prototype ICAV system to comply with the communication system performance specifications 
during these trials will result in failure for the prototype ICAV system. Re-testing may commence 
once the deficiency has been corrected. 
 
Test 1. Communications system performance at 112.7 kph (70 mph) 
 
Test Overview and Purpose 
This test evaluates the system communications system performance when traveling at a high 
approach speed, which was defined as the maximum system operational speed within the 
performance specifications. In this test, the vehicle attains and maintains a constant speed on a 
straight road segment. In order to successfully complete this test, the system shall comply with 
all communications performance specifications. 
 
Test Site Setup 
This test can be performed on any communications-equipped test-track intersection that allows a 
112.7 kph (70 mph) speed to be safely attained and maintained for more than 300 m. A test track 
roadway with an intersection is necessary to provide wireless intersection state transmissions for 
this test. The test site selected shall also provide the test vehicle with any positioning information 
that the vehicle requires for its normal operation at an intersection (e.g., differential corrections for 
the GPS), if these are not already included within the wireless communications data stream. For 
the sake of this test, a radius of curvature greater than 1,000 m shall be considered to represent a 
straight segment, with roadway characteristics including: 
• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 
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Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 

Instrumentation Requirements 
The performance validation hardware shall include an experimental laptop equipped to gather 
information from the vehicle’s ICAV communications data stream. This laptop shall: 
• Have an independent and calibrated communications system (including antenna, cabling, 

and network card) 
• Be able to synchronize and store both communications data streams for off-line analysis of 

the test results 
 
In addition, a separate system will interface with the infrastructure transmitter to access, time-
stamp, and store the messages that were broadcast during the test. These messages will be 
compared off-line to the other two in-vehicle data streams (from the ICAV system and the 
performance validation hardware) to determine if any missed or corrupt packets were due to 
transmitter malfunction. This approach ensures that the ICAV system is not penalized by a 
faulty transmitter or any other external cause that cannot be controlled by the vehicle system. 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 112.7 kph (70 mph) and located at 300 
m (984 ft) from the intersection approach’s stop bar. The intersection light shall be green at the 
start of the test. Within two seconds of the start of data collection, a light change to yellow shall be 
triggered, followed by red after a standard yellow-phase duration. The test shall continue until the 
vehicle has crossed the intersection stop bar. The test shall be aborted if its safety is compromised 
in any way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. 

• Maximum communications range: longest distance at which the ICAV communications 
system has received ten consecutive and complete packets of information from the 
infrastructure. 

• Update rate: Average packets per second that the ICAV system received during the 
approach. 

• Packet reliability: Maximum number of consecutively missed packets in the ICAV system 
while the vehicle is closer to the intersection than the maximum communications range. 
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• Packet accuracy: Maximum number of consecutive incomplete/incorrect packets received 
by the ICAV system while the vehicle is closer to the intersection than the maximum 
communications range. An incomplete/incorrect packet is determined by comparing the 
messages received by the vehicle against those received by the performance validation 
hardware or through the use of an identifier and checksum in the message. For a packet to 
be considered complete it must contain, at a minimum, information about the current 
signal phase, signal timing, and stop bar locations. If further contents are required by the 
ICAV system (e.g. differential corrections for the GPS), their presence within the data 
stream shall also be verified. 

• Latency: Time required for the ICAV system to receive, process, and pass-on 
information to the computations subsystem for each sample taken during the approach. 

 
Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 

Evaluation Criteria 
For a system that claims a communications update rate of 10 Hz, the synchronized 
communications data streams shall be examined to determine the following measures: 
• Maximum communications range: System must reliably receive packets at least 233.7 m 

(766.7 ft) from the stop bar. 
• Update rate: On average, packets should be received at least ten times per second 

throughout the approach. However, a smaller average that is due to occasional missed or 
corrupted packets is acceptable as defined in the next two specifications. 

• Packet reliability: During the test no more than two consecutive packets may be missed 
within the minimum communications range of 233.7 m (766.7 ft). However, if two 
consecutive packets are missed, it must not happen more than once during a single trial. 

• Packet accuracy: No more than two consecutive messages may be incorrect, incomplete, 
or missing within the minimum communications range of 233.7 m (766.7 ft). However, if 
two consecutive messages are incorrect or incomplete, it must not happen more than once 
during a single trial. 

• Latency: When an update is received, its latency must not exceed 0.05 s. 
 
For a system that claims a communications update rate of 7 Hz, the synchronized 
communications data streams shall be examined to determine the following measures: 
• Maximum communications range: System must reliably receive packets at least 233.7 m 

(766.7 ft) from the stop bar. 
• Update rate: On average, packets should be received at least seven times per second 

throughout the approach. However, a smaller average that is due to occasional missed or 
corrupted packets is acceptable as defined in the next two specifications. 

• Packet reliability: During the test no more than one packet may be missed within the 
minimum communications range of 233.7 m (766.7 ft). 

• Packet accuracy: No more than one messages may be incorrect, incomplete, or missing 
within the minimum communications range of 233.7 m (766.7 ft). 

• Latency: When an update is received, its latency must not exceed 0.05 s. 
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For a system that claims a communications update rate of 4 Hz, the synchronized 
communications data streams shall be examined to determine the following measures: 

• Maximum communications range: System must reliably receive packets at least 233.7 m 
(766.7 ft) from the stop bar. 

• Update rate: On average, packets should be received at least four times per second 
throughout the approach. However, a smaller average that is due to occasional missed or 
corrupted packets is acceptable as defined in the next two specifications. 

• Packet reliability: During the test no packets may be missed within the minimum 
communications range of 233.7 m (766.7 ft). 

• Packet accuracy: No messages may be incorrect, incomplete, or missing within the 
minimum communications range of 233.7 m (766.7 ft). 

• Latency: When an update is received, its latency must not exceed 0.05 s. 
 
This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the communications performance specifications, as described above, during these 
trials shall result in failure of the prototype ICAV system. 

Test 2. Communications system performance at 24.1 kph (15 mph) 

Test Overview and Purpose 
This test evaluates the system communications system performance when traveling at a low 
approach speed, which was defined as the minimum system operational speed within the 
performance specifications. In this test, the vehicle attains and maintains a constant speed on a 
straight road segment. In order to successfully complete this test, the system shall comply with 
all communications performance specifications. 

Test Site Setup 
This test can be performed on any communications-equipped test-track intersection that allows a 
24.1 kph (15 mph) speed to be safely attained and maintained for more than 150 m. A test-track 
roadway with an intersection is necessary to provide wireless intersection state transmissions for 
this test. The test site selected shall provide the test vehicle with any positioning information 
that the vehicle requires for its normal operation at an intersection (e.g. differential corrections 
for the GPS), if these are not already included within the wireless communications data stream. 
For the sake of this test, a radius of curvature greater than 1,000 m shall be considered to 
represent a straight segment, with roadway characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect 

the trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 
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Instrumentation Requirements 
The performance validation hardware shall include an experimental laptop equipped to gather 
information from the vehicle’s ICAV communications data stream. This laptop shall: 
• Have an independent and calibrated communications system (including antenna, cabling, 

and network card) 
• Be able to synchronize and store both communications data streams for off-line analysis of 

the test results 
 
In addition, a separate system will interface with the infrastructure transmitter to access, time-
stamp, and store the messages that were broadcast during the test. These messages will be 
compared off-line to the other two in-vehicle data streams (from the ICAV system and the 
performance validation hardware) to determine if any missed or corrupt packets were due to 
transmitter malfunction. This approach ensures that the ICAV system is not penalized by a 
faulty transmitter or any other external cause that cannot be controlled by the vehicle system. 
 
Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 24.1 kph (15 mph) and located at 150 
m (492 ft) from the intersection approach’s stop bar. The intersection light shall be green at the 
start of the test. Within two seconds of the start of data collection, a light change to yellow shall be 
triggered, followed by red after a standard yellow-phase duration. The test shall continue until the 
vehicle has crossed the intersection stop bar. The test shall be aborted if its safety is compromised 
in any way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The following measures shall be collected using the performance validation hardware at a 
minimum sampling rate of 20 Hz. 

• Maximum communications range: longest distance at which the ICAV communications 
system has received ten consecutive and complete packets of information from the 
infrastructure. 

• Update rate: Average packets per second that the ICAV system received during the 
approach. 

• Packet reliability: Maximum number of consecutively missed packets in the ICAV system 
while the vehicle is closer to the intersection than the maximum communications range. 

• Packet accuracy: Maximum number of consecutive incomplete/incorrect packets 
received by the ICAV system while the vehicle is closer to the intersection than the 
maximum communications range. An incomplete/incorrect packet is determined by 
comparing the messages received by the vehicle against those received by the 
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performance validation hardware or through the use of an identifier and checksum in the 
message. For a packet to be considered complete it must contain, at a minimum, 
information about the current signal phase, signal timing, and stop bar locations. If further 
contents are required by the ICAV system (e.g. differential corrections for the GPS), their 
presence within the data stream shall also be verified. 

• Latency: Time required for the ICAV system to receive, process, and pass-on 
information to the computations subsystem for each sample taken during the approach. 

Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 

Evaluation Criteria 
For a system that claims a communications update rate of 10 Hz, the synchronized 
communications data streams shall be examined to determine the following measures: 
• Maximum communications range: System must reliably receive packets at least 233.7 m 

(766.7 ft) from the stop bar. 
• Update rate: On average, packets should be received at least ten times per second 

throughout the approach. However, a smaller average that is due to occasional missed or 
corrupted packets is acceptable as defined in the next two specifications. 

• Packet reliability: During the test no more than two consecutive packets may be missed 
within the minimum communications range of 233.7 m (766.7 ft). However, if two 
consecutive packets are missed, it must not happen more than once during a single trial. 

• Packet accuracy: No more than two consecutive messages may be incorrect, incomplete, 
or missing within the minimum communications range of 233.7 m (766.7 ft). However, if 
two consecutive messages are incorrect or incomplete, it must not happen more than once 
during a single trial. 

• Latency: When an update is received, its latency must not exceed 0.05 s. 
 
For a system that claims a communications update rate of 7 Hz, the synchronized 
communications data streams shall be examined to determine the following measures: 
• Maximum communications range: System must reliably receive packets at least 233.7 m 

(766.7 ft) from the stop-bar. 
• Update rate: On average, packets should be received at least seven times per second 

throughout the approach. However, a smaller average that is due to occasional missed or 
corrupted packets is acceptable as defined in the next two specifications. 

• Packet reliability: During the test no more than one packet may be missed within the 
minimum communications range of 233.7 m (766.7 ft). 

• Packet accuracy: No more than one message may be incorrect, incomplete, or missing 
within the minimum communications range of 233.7 m (766.7 ft). 

• Latency: When an update is received, its latency must not exceed 0.05 s. 
 
For a system that claims a communications update rate of 4 Hz, the synchronized 
communications data streams shall be examined to determine the following measures: 
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• Maximum communications range: System must reliably receive packets at least 233.7 m 
(766.7 ft) from the stop bar. 

• Update rate: On average, packets should be received at least four times per second 
throughout the approach. However, a smaller average that is due to occasional missed or 
corrupted packets is acceptable as defined in the next two specifications. 

• Packet reliability: During the test no packets may be missed within the minimum 
communications range of 233.7 m (766.7 ft). 

• Packet accuracy: No messages may be incorrect, incomplete, or missing within the 
minimum communications range of 233.7 m (766.7 ft). 

• Latency: When an update is received, its latency must not exceed 0.05 s. 
 
This scenario shall be repeated five times, and any failure of the prototype ICAV system to 
comply with the communications performance specifications, as described above, during these 
trials shall result in failure of the prototype ICAV system. 
 
TESTS FOR COMPUTATIONS SPECIFICATIONS 
 
These tests are used to assess compliance of a prototype ICAV system with the minimum 
computations performance specifications. The computations subsystem is in charge of integrating 
information from all available data streams and making a timely warning decision. If the resultant 
warning is too early, many false alarms will occur. If the resultant warning is too late, drivers might 
not be able to react to the warning in time, resulting in misses. 
 
Computations performance specifications were provided for five categories: update rate, latency, 
warning onset timing equation, false alarm rate, and miss rate. Of these, only update rate, latency, 
and warning onset timing equation can be tested without introducing elements of behavioral 
variability. An FOT of the ICAV system must be conducted to determine whether the system 
specified can attain the specified rates of false alarms and misses. This determination represents a 
test of real-world system effectiveness, which is not a goal (nor possible with) this set of objective 
tests. 
 
Given that the computations subsystem collects and processes data from all the different ICAV 
subsystems, the tests described in this section represent tests of overall system effectiveness. If the 
sensors and other equipment comprising the ICAV system do not collectively allow for the 
performance levels required by these objective tests, the systems fails, regardless of acceptable 
performance levels in tests for other subsystems. The subsystem-level tests are needed, however, to 
pinpoint any problems with the individual subsystems. 
 
The computations performance of the prototype ICAV system will be evaluated using two 
scenarios, presented in this section. The scenarios consist of vehicle approaches to an instrumented 
intersection at different speeds. Data are to be collected continuously during these scenarios. 
Scenarios will be repeated one hundred times each, as specified in each individual test, and any 
failure of the prototype ICAV system to comply with the speed performance specifications during 
these trials will result in failure for the prototype ICAV system. Re-testing may commence once 
the deficiency has been corrected. 
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Test 1. Computations performance at 112.7 kph (70 mph) 

Test Overview and Purpose 
This test evaluates the system computations performance when the vehicle is traveling at a high 
approach speed. In this test, the vehicle attains and maintains a constant speed on a straight road 
segment. In order to successfully complete this test, the system shall comply with all computations 
performance specifications. 
 
Test Site Setup 
This test can be performed on any communications-equipped test-track intersection that allows a 
112.7 kph (70 mph) speed to be safely attained and maintained for more than 300 m. A test track 
roadway with an intersection is necessary to provide a fixed reference point (i.e., the intersection 
stop bar) and wireless intersection state transmissions. The test site selected shall provide the test 
vehicle with any positioning information that the vehicle requires for its normal operation at an 
intersection (e.g., differential corrections for the GPS), if these are not already included within the 
wireless communications data stream. For the sake of this test, a radius of curvature greater than 
1,000 m shall be considered to represent a straight segment, with roadway characteristics 
including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

 
Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 
 
Instrumentation Requirements 
The performance validation hardware shall include a laptop equipped to gather information from 
the vehicle’s speed sensing, communications, and positioning data streams, as well as the ICAV 
warning trigger. The laptop shall be: 

• Connected to a DGPS unit that has a speed sensing accuracy better than ±1  
percent, a positioning accuracy better than 5 cm, and an update rate of 20 Hz 

• Connected to an independent set of antennas that are validated to reliably receive 
communications from the test intersection at the maximum possible update rate 

• Able to synchronize and store these data streams for off-line analysis of the test results 
• Contain a lane-level accurate map of the intersection that allows for the determination of 

accurate longitudinal and lateral positions with respect to the stop-bar and the lane 
delimiters, respectively. 

 
Individual points in this validation map shall be accurate to 5 cm and sampled at least every 20 m 
along the intersection approach. Continuous lane delimiter position for validation will be 
interpolated from these sampled validation map locations (i.e., the ones spaced at a minimum of 
20 m). 
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Measures taken by the performance verification hardware shall, as applicable, be expressed in 
units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 112.7 kph (70 mph) and located at 300 
m (984 ft) from the intersection approach’s stop bar. The test shall continue until the vehicle has 
crossed the intersection stop bar. In order for the warning to be necessary, the light shall be held to 
a red state while the test is being conducted. The test shall be aborted if its safety is compromised 
in any way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area 
• Vehicle control is compromised in any way 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The timing of the warning shall be collected, along with the following variables that define the 
vehicle speed and position at the time of the warning. This information shall be collected using 
the performance validation hardware at a minimum sampling rate of 20 Hz. 

• ICAV-measured vehicle absolute position 
• ICAV-measured vehicle position relative to the intersection stop-bar 
• ICAV-measured vehicle position relative to the closest lane delimiter 
• DGPS-measured vehicle absolute position 
• DGPS-measured vehicle position relative to the intersection stop-bar 
• DGPS-measured vehicle position relative to the closest lane delimiter 
• ICAV-measured vehicle speed 
• DGPS-measured vehicle speed 

Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within its 
data stream. 

Evaluation Criteria 
The synchronized data streams from both vehicle and performance validation hardware shall be 
examined to determine the following measures: 

• Update rate: Warning decisions from the ICAV system shall occur at a frequency of at 
least 10 Hz throughout the approach. 

• Warning onset timing equation: The criterion shall depend on the DVI combination 
selected. Values have been reported for a “Red Light” auditory + continuous, steady soft-
braking warning, where the warning-onset deceleration parameter (WDP) shall be 
between 0.33 g and 0.39 g. Values for a “STOP” auditory warning + stop sign visual 
warning have been reported with an assumed 1.0 sec time shift (see the ICAV Task 4 
report for details); for this case, the WDP shall be between 0.26 g and 0.30 g. The WDP 
value shall be calculated using the data from the performance verification hardware. 

• Latency: Shall be less than 0.05 sec 
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In addition to evaluation of the algorithm specifications, the accuracy of the speed and positioning 
data shall be observed at the time of warning onset. The accuracy observed for each of these 
parameters shall meet or exceed the minimum specifications (as presented for previous tests). This 
final check will minimize the possibility that errors outside the specifications for each of the 
different subsystems cancel each other to provide a timely warning. This could occur, for 
example, if the positioning error resulted in a too-early warning (systematically reporting that the 
vehicle was closer to the intersection than in reality) while the speed sensing error resulted in an 
equivalent too-late warning (systematically reporting that the vehicle was traveling at a slower 
speed than in reality). 
 
This scenario shall be repeated 100 times, which shall be split into two sets of 50 trials. Any failure 
of the prototype ICAV system to comply with the speed performance specifications during any of 
these trials shall result in failure of the prototype ICAV system. The time between the end of the 
first set of 50 trials and the beginning of the second set of 50 trials shall exceed four hours, in order 
to ensure that system performance is tested under various GPS satellite configurations. 
 

Test 2. Computations performance at 24.1 kph (15 mph) 

Test Overview and Purpose 
This test evaluates the system computations performance when the vehicle is traveling at a low 
approach speed. In this test, the vehicle attains and maintains a constant speed on a straight road 
segment. In order to successfully complete this test, the system shall comply with all computations 
performance specifications. 

Test Site Setup 
This test can be performed on any communications-equipped test-track intersection that allows a 
24.1 kph (15 mph) speed to be safely attained and maintained for more than 150 m (492 ft). A test-
track roadway with an intersection is necessary to provide a fixed reference point (i.e., the 
intersection stop bar) and wireless intersection state transmissions. The test site selected shall 
provide the test vehicle with any positioning information that the vehicle requires for its normal 
operation at an intersection (e.g., differential corrections for the GPS), if these are not already 
included within the wireless communications data stream. For the sake of this test, a radius of 
curvature greater than 1,000 m shall be considered to represent a straight segment, with roadway 
characteristics including: 

• A dry road surface 
• Less than 6 percent roadway grade to allow for ease of speed control 
• Smooth roadway surface (free from potholes, bumps, and cracks that could affect the 

trajectory of the vehicle) 
• Roadway constructed from asphalt or concrete 

Environmental Conditions 
The test shall be run during daylight hours, with good visibility and under dry roadway 
conditions (without visible moisture on the surface). 
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Instrumentation Requirements 
The performance validation hardware shall include a laptop equipped to gather information from the 
vehicle’s speed sensing, communications, and positioning data streams, as well as the ICAV 
warning trigger. The laptop shall be: 

• Connected to a DGPS unit that has a speed sensing accuracy better than ±1  
percent, a positioning accuracy better than 5 cm, and an update rate of 20 Hz 

• Connected to an independent set of antennas that are validated to reliably receive 
communications from the test intersection at the maximum possible update rate 

• Able to synchronize and store these data streams for off-line analysis of the test results 
• Contain a lane-level accurate map of the intersection that allows for the determination of 

accurate longitudinal and lateral positions with respect to the stop-bar and the lane 
delimiters, respectively 

 
Individual points in this validation map shall be accurate to 5 cm and sampled at least every 20 m 
along the intersection approach. Continuous lane delimiter position for validation will be 
interpolated from these sampled validation map locations (i.e., the ones spaced at a minimum of 
20 m). Measures taken by the performance verification hardware shall, as applicable, be expressed 
in units that match those in which the ICAV system in the vehicle operates. 

Test instructions 
Data collection shall begin when the vehicle is traveling at 24.1 kph (15 mph) and located at 150 m 
(492 ft) from the intersection approach’s stop bar. The test shall continue until the vehicle has 
crossed the intersection stop bar. In order for the warning to be necessary, the light shall be held to 
a red state while the test is being conducted. The test shall be aborted if its safety is 
compromised in any way, including: 

• Any vehicles, pedestrians, cyclists, or animals are in the vicinity of the test area; and 
• Vehicle control is compromised in any way. 

 
For the test to be valid, the measured vehicle speed must not deviate more than 3.2 kph (2 mph) 
from the nominal test speed through the entire run. 

Measurements 
The timing of the warning shall be collected, along with the following variables that define the 
vehicle speed and position at the time of the warning. This information shall be collected using 
the performance validation hardware at a minimum sampling rate of 20 Hz. 

• ICAV-measured vehicle absolute position 
• ICAV-measured vehicle position relative to the intersection stop-bar 
• ICAV-measured vehicle position relative to the closest lane delimiter 
• DGPS-measured vehicle absolute position 
• DGPS-measured vehicle position relative to the intersection stop-bar 
• DGPS-measured vehicle position relative to the closest lane delimiter 
• ICAV-measured vehicle speed 
• DGPS-measured vehicle speed 
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Note that the ICAV measures may not necessarily adhere to the 20 Hz sampling rate, as a slower 
sampling rate might be sufficient to comply with the ICAV performance specifications. If this is 
the case, the performance validation hardware shall register a “no update” data signature within 
its data stream. 

Evaluation Criteria 
The synchronized data streams from both vehicle and performance validation hardware shall 
be examined to determine the following measures: 

• Update rate: Warning decisions from the ICAV system shall occur at a frequency of 
at least 10 Hz throughout the approach. 

• Warning onset timing equation: The criterion shall depend on the DVI combination 
selected. Values have been reported for a “Red Light” auditory + continuous, steady 
soft-braking warning, where the warning-onset deceleration parameter (WDP) shall 
be between 0.33 g and 0.39 g. Values for a “STOP” auditory warning + stop sign 
visual warning have been reported, with an assumed 1.0 sec time shift (see Task 4 
report for details), the WDP shall be between 0.26 g and 0.30 g. The WDP value shall 
be calculated using the data from the performance verification hardware. 

• Latency: Shall be less than 0.05 sec 
 
In addition to evaluation of the algorithm specifications, the accuracy of the speed and 
positioning data shall be observed at the time of warning onset. The accuracy observed for each 
of these parameters shall meet or exceed the minimum specifications (as presented for previous 
tests). This final check will minimize the possibility that errors outside the specifications for 
each of the different subsystems cancel each other to provide a timely warning. This could 
occur, for example, if the positioning error resulted in a too-early warning (systematically 
reporting that the vehicle was closer to the intersection than in reality) while the speed sensing 
error resulted in an equivalent too-late warning (systematically reporting that the vehicle was 
traveling at a slower speed than in reality). 
 
This scenario shall be repeated 100 times, which shall be split into two sets of 50 trials. Any 
failure of the prototype ICAV system to comply with the speed performance specifications 
during any of these trials shall result in failure of the prototype ICAV system. The time between 
the end of the first set of 50 trials and the beginning of the second set of 50 trials shall exceed 
four hours, in order to ensure that system performance is tested under various GPS satellite 
configurations. 

TESTING PHILOSOPHY 

By its very nature, the ICAV FOT will have an inherent level of multiplicative complexity not 
normally present in FOTs. This arises from the presence of instrumented intersections in 
addition to the instrumented vehicles. Depending on the numbers of each, it would likely prove 
impractical to conduct test with every vehicle at every intersection. One philosophy would be to 
select one vehicle randomly and check it at every intersection (conduct all tests at every 
intersection for one vehicle). Then one intersection could be selected randomly, and a random 
sample of vehicles would be tested at this intersection (in this case, just the computations tests 
would be conducted). There are many other possible testing schemes; however, the chosen 
scheme will have a large influence on the cost and time required to conduct the objective tests, 
and so the testing philosophy should be considered early in the FOT process. 
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POSSIBLE ICAV ARCHITECTURES 
 
The system architecture describes the functional allocation of ICAS subsystems between the 
infrastructure and the vehicle. There are more than 20 possible architecture combinations and 
each possibility has advantages and disadvantages. A full review of these combinations was 
documented in the Preparatory Analyses for the Cooperative Intersection Collision Avoidance 
Systems ITS Initiative report (Neale, Perez, Doerzaph, Lee, and Stone, 2004). The following 
discussion is a small subset of the information presented the previous report. In particular, the 
architectures discussed below only include the foreseeable ICAV architectures. Architectures 
with obvious shortcomings or that are not ICAV-relevant (i.e., infrastructure only) are not 
included in this report. 
 
The ICAV system can be divided into five functional subcomponents that are architecturally 
independent (Figure 49). The communications function represents a link between the vehicle 
and the infrastructure. Information transmitted from the infrastructure typically includes the 
intersection-state function which includes (but is not limited to) signal phase and timing. The 
vehicle positioning and sensing function provides information on a vehicle approaching the 
intersection, including position, speed, and/or acceleration. 
 
Information communicated from vehicle sensing and intersection state is provided to a 
computations function to determine warning state. Finally, the DVI provides an input to the 
driver via one or more sensory channels (auditory, visual, or haptic [tactile]) stimuli. This 
function represents the only aspect of the system apparent to the driver. 

 

Figure 49. Subsystems of a deployed ICAV. 

The functions of an ICAV system shown in Figure 46 are performed by sensors and other 
devices that may be located in either the vehicle or the infrastructure. The topic of system 
architecture addresses where these functions will be allocated for various possible ICAV 
configurations. The architectures presented include a discussion of which components could 
satisfy the requirements of each function for the given architecture. 
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VEHICLE COMPUTATIONS COOPERATIVE ARCHITECTURE 
 
For this architecture, the positioning, computations, and warning interface functions are allocated 
to the vehicle (Figure 50). Only the intersection-state function is allocated to the infrastructure, 
which creates one of the simplest architectures. For this system, one-way communications transmit 
intersection state from the infrastructure to the vehicle. At a minimum, signal state information 
would include signal phase and timing as well as the local map (stop bar coordinates). Using 
onboard sensing equipment, the vehicle is then responsible for deciding if/when the 
countermeasure should be deployed. Some additional cooperation from the infrastructure, such as a 
DGPS base station, may be necessary to obtain the level of position accuracy required. This 
architecture is very similar to the ICAV testbed system as used for signalized intersection tests at 
VTTI. 

 

Vehicle tracks position 
using GPS and the in- 

vehicle network for 
speed and acceleration 

Algorithm is calculated
and the in-vehicle DVI

presents 
countermeasure 

signal phase and timing Local or global 
information gathered differential GPS 
and sent to vehicle via corrections are sent to
DS RC vehicle via DSRC

Figure 50. One possible example of a vehicle-computations architecture for Signalized 
Intersection. 

 
 
The ICAS system may be made slightly more complicated to support additional functionalities. 
The intersection state information transmitted by the infrastructure may be broadened to include 
the relative positions of other vehicles, weather conditions, or other information that could be 
used in the algorithm computations. This would require more bandwidth, but could increase threat 
assessment accuracy. 
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INFRASTRUCTURE COMPUTATIONS COOPERATIVE ARCHITECTURE 
 
In this arrangement, the infrastructure is responsible for the computations (Figure 51). A message 
sent to the vehicle at the appropriate time would initiate the countermeasure. Vehicle sensing can 
take place on the vehicle, at the infrastructure, or in some combination of both. The advantage of 
this system is the centralized location of the algorithm. Complex interactions between vehicles 
may be considered such that countermeasures are systematically activated to optimize collision 
avoidance. For instance, the centralized algorithm may decide not to warn one violator (because 
they will clear the intersection without a crash risk), while a second following violator would need 
to stop and would thus be warned. This type of solution would reduce the risk of rear-end crashes 
for drivers who stop for the warning while being closely followed by a second vehicle. 
Furthermore, having the algorithm reside at a particular intersection would allow the algorithm to 
be tailored to the individual characteristics of that intersection. Algorithms would also be easier to 
update over time if they were housed at relatively few static locations as compared to millions of 
vehicles. Finally, a single, centralized algorithm would warn drivers at consistent locations 
regardless of the vehicle they happen to be driving that day. 

 

DSRC message 
received and in-vehicle

DVI presents 
countermeasure

Vehicle enters 
comms and 

detection zones

  Radar may monitor traffic Algorithm computations. 
 position and speed. Or/and A “fire” command it sent to
 controller receives position vehicle via DSRC if 

data from vehicles countermeasure needed 

Figure 51. Example Cooperative Architecture for a Signalized Intersection. 
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VEHICLE-ONLY ARCHITECTURE 
 
The In-Vehicle System places the entire system onboard and is only applicable to the stop-sign 
ICAV system (Figure 52). This system does not require cooperation from the infrastructure and 
might be easier to deploy than the cooperative systems. This is because cost, power, and locality 
acceptance issues associated with the infrastructure portion of a cooperative system are avoided. 
Problems with this system are primarily centered on vehicle positioning relative to the intersection. 
Mapping systems currently available do not contain many intersections and those that are mapped 
may not be accurately placed. Current maps also do not include information as to the traffic control 
device used at an intersection (to know whether it is signalized or stop-sign-controlled). 
Furthermore, the maps would have to be frequently updated in order to stay sensitive to changes in 
the roadway structure, such as removing an unnecessary stop sign (otherwise a nuisance alarm 
would be produced each time the car passed the GPS location). Even with better maps, standard 
GPS may not offer the needed longitudinal positioning accuracy. Thus, the enabling technology for 
this system would be an alternative position subsystem such as machine vision. Machine vision 
uses imaging technology to recognize shapes in the environment. If the vision system could be 
configured to accurately and reliably detect the presence and range to a stop-sign, a vehicle-only 
system may be effective. The advantage of this system is that it does not require any hardware at 
the infrastructure. This is particularly important at stop-sign-controlled intersections for which 
power is seldom available and low cost is a primary criterion. 

 
Stop-sign is detected 
by machine vision 

system 

Vehicle tracks position using
machine vision and the in-
vehicle network for speed

and acceleration 

Algorithm is calculated
and the DVI presents

countermeasure

Figure 52. Example of vehicle-only architecture for an unsignalized intersection. 
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METHOD FOR COST-BENEFIT ANALYSIS OF ICAV SYSTEMS 
 
Prior to making a large capital investment in ICAV development, it is important to consider the 
potential benefit of the system should it be deployed. A generally accepted method for 
investigating potential benefit is through a cost-benefit analysis (CBA). In this type of analysis 
predictions are used to estimate the benefit of a deployed system relative to the costs incurred. 
The results may be used to determine if a project should be undertaken (if the lifecycle benefits 
exceed its costs). 
 
At the present time, conducting a thorough CBA is not feasible for several reasons. First, the 
present systems have been developed at a research prototype level only. Determining final 
components and production level costs is not possible. Second, design of the architecture that is 
acceptable from an installation and maintenance perspective has not been determined by State 
departments of transportation or automotive manufacturers. This precludes determining accurate 
costs in these areas. Third, data collection has not moved beyond the test-track phase. Data 
collection at live intersections will define algorithms, highlight possible negative consequences 
(such as an increased number of rear-end collisions), and determine preliminary success of the 
system. Of course, a FOT would provide more accurate data for this purpose. Fourth, market 
penetration cannot yet be determined. The rate at which any State DOT would instrument an 
intersection and the rate at which any automotive manufacturer would choose to instrument 
vehicles cannot yet be defined accurately. Thus, the purpose of this section is to provide guidance 
for a future CBA based on what is currently known as well as identified knowledge gaps. 
 
 
BENEFITS 
 
The first benefit is a result of the monetary gain through a reduction in crashes; calculating this 
benefit requires the assignment of a dollar value to human life and wellness. Various techniques 
have been used to calculate the dollar value of human life: the value of life could be deduced from 
studies on how much people are willing to pay in order to avoid exposure to adverse outcomes, or 
savings of direct costs such as healthcare expenditures, or potential lifetime income produced from 
labor activity (Kim and Hanna, 2003). The present discussion emphasizes the monetary value of 
benefits to society rather than to individuals. The values include costs associated with medical 
expenses, emergency services, market productivity, household productivity, insurance 
administration, workplace cost, legal costs, travel delay, and property damage; however, they do 
not include pain and suffering or other intangible costs. Therefore, the results will only provide 
information on economic feasibility and do not consider the individual value of saving a life. 
 
Subtask 1.8 of the ICAV project (Lee et al., 2004) consisted primarily of an economic analysis of 
the CP crashes identified for 2000 (described fully in Appendix B of this report). NHTSA recently 
released its estimates of the economic costs of motor-vehicle accidents, using 2000 data, and the 
timing of the report was ideal because it allowed the costs of the CP crashes identified to be 
estimated. Costs resulting from both injuries and property damage were calculated. The analysis 
showed costs of approximately $47,025,000,000 for the 1,667,000 CP crashes identified for the 
year 2000 in Subtask 1.1. Dividing the overall cost by the number of crashes resulted in 
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an approximate estimated cost per CP crash of $28,209. Given the calculated per-crash cost rate of 
approximately $28,209, it is also possible to begin to grasp the potential benefits of a system 
designed to prevent intersection violations by applying the per-crash cost to the number of 
violation crashes calculated as part of Subtask 1.4 of the ICAV project. The following list shows 
costs for the 393,000 cited CP-crash scenarios identified in 2000 (property damage only, injury, 
and unknown injury crashes are combined for this list since the per-crash cost is a combined 
figure): 

• LT with LT pre-crash maneuver: 
• LT with straight pre-crash maneuver: 
• SCP: 
• RT with RT pre-crash maneuver: 
• RT with straight pre-crash maneuver: 
• One vehicle with stop sign: 
• Two vehicles with stop sign: 

89,000 crashes for a total cost of $2.5 billion 
37,000 crashes for a total cost of $1.0 billion 
72,000 crashes for a total cost of $2.0 billion 
7,000 crashes for a total cost of $0.2 billion 
1,000 crashes for a total cost of $28 million 
162,000 crashes for a total cost of $4.6 billion 
26,000 crashes for a total cost of $0.7 billion 

The numbers above represent the proportion of crashes that could potentially be addressed by an 
ICAV system. However, the current ICAV testbed has been tested primarily with the SCP and 
stop-sign scenarios. In addition, there is currently not enough information to determine the 
number of crashes that would actually be mitigated over what time period of deployment and 
market penetration. First, not all CP crashes are a result of a violation. In particular, crashes 
involving a turning vehicle are often the result of poor gap judgment; a condition not dealt with 
by ICAV. Furthermore, for crashes that were a result of a violation, both the violating vehicle and 
the intersection at which the crash occurred would need to be equipped. Unlike most technologies 
of the past, there must be an alignment of both vehicle and infrastructure in order to obtain 
maximum benefit. The probability of obtaining this alignment and mitigating the crash depends 
on market penetration. 
 
Two factors determine the extent of penetration over time. The first is the number of vehicles 
that are equipped with ICAV systems. Initially ICAV will probably be offered as an optional 
upgrade on higher-end vehicles; however, it is far too early for vehicle manufacturers to 
determine their deployment plans. Automotive manufacturers are just recently becoming 
involved in this area of research. Following a great effort into technology research, market 
research will be required to determine how much people are willing to pay for such a safety 
system. This will depend on ICAV effectiveness, which will affect vehicle and infrastructure 
deployment. 
 
Intersections will likely be equipped with ICAV as deemed necessary by the local and State 
DOTs. Some State DOTs may adopt the system right away, while others could be reluctant. Part of 
the problem is that ICAV is a long-term solution, with smaller immediate and intermediate 
benefits (until a large portion of vehicles are equipped). To increase the probability of success, 
DOTs may choose to install the system at the most problematic intersections first, and increase 
deployment over time as more equipped vehicles are deployed. In addition, interim benefits of 
intersection installation, such as intersection-only-based warning systems, may increase the short-
term benefit for a State until widespread deployment occurs. 
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Finally, the likelihood of successful crash avoidance is not fully known even when an ICAV-
equipped vehicle violates an ICAV-equipped intersection. Tests performed at VTTI as part of this 
project indicated 100 percent compliance at the optimal distance for each warning type. However, 
compliance rates may decrease slightly under real-world conditions with different algorithms and 
interfaces. In addition, hardware contained in the ICAV system will be subject to occasional 
failure. These failures could result from sensor malfunctions (such as GPS dropouts) and/or 
dropped wireless communications. The reliability of the systems under realistic weather and 
roadway geometric conditions will need to be determined before the success rate of the ICAV 
system can be accurately predicted. 
 
COSTS 
 
Equipment and manpower costs will be incurred as ICAV is implemented. These costs will 
include the commercial cost of ICAV components, system installation, maintenance of the 
system, and training for installation and maintenance. If the design and development of the 
system is not complete when the CBA is undertaken, these associated costs should also be 
considered. There are also potential costs incurred from unintended consequences of the ICAV 
system. For instance, given that not all vehicles will be ICAV equipped, there could be an 
increase in the number of rear-end collisions as ICAV-equipped vehicles brake hard in response 
to a violation warning. Considering these two components, the basic equation for the costs is 
presented in Equation 1: 

Cost = Cost of ICAV implementation + Cost due to unintended consequences Equation 1 

The total cost of implementation again depends on ICAV market penetration. However, the costs 
associated with an individual installation can be approximated. The testbed system described in 
this report is used as a starting point to approximate system costs. The actual ICAV system will 
almost certainly vary in the equipment selected and the volume pricing obtained. The following 
preliminary values should be updated as better information becomes available. The component 
costs are considered first. 
 
As discussed previously, the testbed system made use of high-accuracy components to develop an 
over-performing ICAV system. An actual ICAV system will use components that are less 
accurate but more cost effective. Furthermore, the cost of the components should decrease 
substantially due to wholesale pricing and volume discounts. The following items represent the 
envisioned vehicle components: 
• DGPS consisting of 1Hz GPS with DGPS corrections obtained from the infrastructure 

over the wireless communications system. 
• MEMS Gyro system to produce 10 Hz data from the 1Hz GPS. 
• Computations subsystem built on a DSPic or Blackfin-type processor and associated 

hardware/connectors to talk with GPS, CAN bus, and communications subsystem. 
• DVI (assume auditory only) integrated with other vehicle tones using onboard speaker. 
• Communications (DSRC) based on systems currently in development. 
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The final cost of the infrastructure and vehicle components cannot be accurately estimated at this 
time. To be affordable by automotive manufacturers, one might expect that the total cost of the 
vehicle components will need to be in the range of $50 to $500. The large range is a result of 
uncertainty regarding the shared-use of ICAV components. For instance, the DSRC equipment and 
GPS may also be used by other vehicle applications, thus distributing the cost of these 
components. Installation costs for the ICAV system will also factor into the cost equation. 
 
To provide the signal phase and timing information, equipment will also need to be installed in the 
intersection. Costs accrue from the specialized equipment that will be specifically developed to 
support the ICAV system. The following components represent the envisioned infrastructure 
equipment: 
• Phase sniffer or upgraded controller to obtain signal phase and timing. For legacy 

controllers, a sniffer system that monitors signal status and calculates phase lengths should 
be installed. Sniffers measure signal status by monitoring inductance through the wires 
attached to the traffic light wires. The sniffer then uses programmed yellow phase lengths 
to predict the relevant signal changes. For new installations, the sniffer should be replaced 
with upgraded controllers capable of providing the required data for signal timings. These 
upgraded controllers will provide signal phase and timing at the necessary update rate and 
latency, which provides flexibility and simplicity over a sniffer. 

• DGPS will calculate the position corrections needed by the vehicles positioning system. 
• Communications (DSRC) to provide the position corrections and signal phase and timing 

to the vehicle. 
 
Acceptable equipment costs for a State DOT will likely vary from State to State depending on 
State DOT budgets and perceived value of the system. Currently, a State DOT will spend 
between $100,000 to $200,000 on a signalized intersection, depending on the size and 
complexity of the intersection. The cost of installation may vary depending on whether the 
system is an upgrade to existing equipment or a new installation. Also, inexpensive DGPS 
systems are not yet available, so their cost is difficult to predict accurately. Of course, it is 
expected that the price of this technology will significantly decrease with increasing demand. 
Also, installation costs will have to be considered. 
 
There will also be costs associated with the maintenance of the ICAV equipment. At this point the 
ICAV design is not set, nor have any reliability tests been completed. Thus, it is too early to 
determine maintenance costs. The ICAV systems should be designed to operate without routine 
maintenance for the expected lifecycle of the device in which they are installed (i.e., the 
infrastructure or vehicle as appropriate). Thus, maintenance expenses should be kept to a 
minimum and may not have a large influence on the overall system cost. 
 
Another component of the cost equation, unintended consequences, could have a substantial 
impact and should not be disregarded. Some consequences may not be identified until after some 
amount of field testing has been completed. A documented impact of automated red-light-
enforcement systems is that rear-end crashes are increased (e.g., Council et al., 2005; Persaud, 
Council, Lyon, Eccles, and Griffith, 2005). For reference, these automated systems have caused a 
15 percent increase in the number of rear-end crashes, producing a 24 percent increase in the 
number of rear-end-crash injuries after installation. However, right-angle crashes at the same sites 
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decreased by 24.6 percent, reducing injuries by 15.7 percent. Thus, in terms of percent change in 
crashes, the costs of automated enforcement appear to offset the benefits. An additional 
consideration is that the average cost of a rear-end crash was $8,000 less than for a right-angle 
crash (considering both injury and property damages). Thus, overall automated enforcement 
demonstrated a significant benefit. There has not been any research into the expected unintended 
consequences of an ICAV system. ICAV systems may not produce this or other unintended 
consequences, but the possibility should be considered prior to conducting a full-blown CBA. 
 
 
COMBINING THE COST AND BENEFIT 
 
During a CBA, a proposed project is usually compared to a base case as well as other options. 
There are several other methods for mitigating intersection crashes, including signal re-timing, 
red-light-enforcement, changes to roadway geometry, and increases in signal conspicuity (ITE, 
2003). The economical merit of ICAV should be compared to all these options in a 
comprehensive CBA analysis. To make a fair comparison of these options, a discounting 
procedure should be applied such that all options are compared in current day worth. The time 
period of the analysis should also include at least one lifecycle replacement for each of the 
options compared. 
 
Another important aspect of the CBA will be the slice of time in which the analysis is 
constrained. The ICAV system will produce continuously increasing benefits and decreasing 
costs as deployment matures. The benefit of ICAV will not be realized until a large portion of the 
vehicle and intersection fleets are equipped. A larger benefit will result from an increased 
probability of having ICAV equipment installed in both the violating vehicle and the 
corresponding intersection. Costs such as the price of system components will also decrease as 
demand increases. Furthermore, the cost of unintended consequences may be reduced as more 
vehicles are equipped with ICAV systems. Thus, although the cost may initially outweigh the 
benefit, the cost-to-benefit ratio is expected to change over time, eventually producing a net 
benefit. Depending on the deployment method (optional versus mandated), it could be several 
decades (possibly multiple lifecycles) before this crossover point is reached. Figure 53 
demonstrates a possible cost to benefit relationship, though the actual shape of the curves is 
unknown at this time. 



Figure 53. Possible shape of cost/benefit curves over time. Graph depicts the expected 
increasing benefit and decreasing costs over time. 

Several questions must be resolved before a valid CBA can be undertaken. Some of these questions 
will require research, while others may depend on decisions from policy makers. Once the 
following questions can be approximated, a valid and useful CBA may be completed. 

What is the probability of an addressable crash occurring with an equipped vehicle at an 
equipped intersection? This will depend on two additional questions: 

o How will ICAV systems be deployed into vehicles? The rate of vehicle 
penetration will depend on which vehicle models are equipped and the rate of 
sales of those vehicles. 

o Which intersections will receive the ICAV treatment? The probability of success will 
depend on the number of intersections equipped and their respective crash risk. 

To what extent will ICAV mitigate a crash that would occur in its absence? To date it is 
unclear how many misses will occur when the ICAV system is used on the open roadway. 
During the VTTI studies, the appropriate countermeasure timing for achieving a 100 
percent success rate was determined. However, depending on the countermeasure selected, 
this timing may produce an unacceptable number of false alarms on the open roadway. In 
this case the timing will need to be adjusted, which may decrease the success rate actually 
achieved.
What unintended consequences will result from ICAV installations? It is possible that 
ICAV will increase the number of rear-end collisions at intersections. The extent of this or 
other unintended consequences cannot be determined at this time. 

Much of the research that can answer these questions is discussed in the next section, Further 
Research Recommendations. The section addresses research that should be performed before an 
ICAV FOT is conducted. However, it is likely that ICAV deployment to at least an FOT level will 
be required before a fairly reliable CBA can be performed. 
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FURTHER RESEARCH RECOMMENDATIONS 
 
The ICAV effort has been the source of a robust set of performance specifications based on 
substantial empirical tests of both technology and human behavior. The project was intended 
mainly to allow for the specification of performance requirements that would guide the 
development of intersection collision avoidance systems in the near-term future. In conducting 
the research needed to develop these performance specifications, several knowledge gaps were 
noticed. These knowledge gaps were not part of the scope of the ICAV project, but addressing 
them in future research will be important in guiding intersection collision avoidance concepts 
into FOTs and future deployment, such as that envisioned for future cooperative intersection 
collision avoidance systems. This section suggests possible areas of further research prior to or 
near the beginning of such a project. 
 
Naturalistic data collection is a primary area for which further research is necessary. The 
intersection environment is one in which the driver and the infrastructure interact, and further 
knowledge about the characteristics of this interaction is needed. This interaction can be observed 
from either a driver perspective or an infrastructure perspective. In both cases, the naturalistic data 
collection methodology has the potential to provide substantial information that would aid in the 
design of ICAV-like systems. 
 
If the intersection were observed from an infrastructure viewpoint, the kinematic behavior of a 
large population of vehicles approaching a variety of intersection types could be obtained and 
analyzed. For example, a comparison of stop-signed versus signalized intersections could help 
confirm the findings from the ICAV studies that driver braking behavior is similar at these two 
types of intersections. Information from past efforts of this sort (e.g., Horst, 1984) has not been 
generalized and fails to include aspects of the intersection approach that could be of considerable 
importance for an ICAV system. The information was also typically collected over a relatively 
short period of time (i.e., days), reducing the probability of observing a large number of violation 
scenarios. Naturalistic data collection at live intersections could provide these data, which in turn 
would allow for an estimation of ICAV system effectiveness. These data could also be used for 
computations refinement, as well as to fine-tune potential methods for increasing the separation 
between optimal warning-onset timing and its associated too-early distribution. 
 
Naturalistic data obtained from a driver viewpoint could serve as a tool to examine driver 
behaviors during a multitude of intersection approaches. These behaviors could be characterized in 
terms of eye glance locations and durations, normal approach kinematics, “violator” approach 
kinematics, and common errors or misjudgments during the intersection approach. Collection of 
all of this information would require instrumented vehicles that research participants would drive for 
long periods of time. Databases from which all of this information can be mined (e.g., the 100-Car 
Naturalistic Driving Study database, Dingus et al., in press) are now available, and would not 
require any additional data collection in order to obtain these important measures. In general, these 
data would allow for the understanding of the frequency and severity of the problems that drivers 
face during intersection approaches, while at the same time providing insight into the design of 
ICAV countermeasures to address these problems. 
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These two types of naturalistic data collection should be supplemented by further test-track 
studies to examine other DVI types, interactions between warning modalities, and observing 
driver behavior under a greater variety of traffic and environmental conditions. Further DVI 
studies could include: 
• Independent effects of visual warning(s), in high-head-down and head-up configurations, 

with higher warning saliency (e.g., flashing). 
• Tests of an information-conveying auditory warning (e.g., “Red Light”) independent of 

the haptic soft-braking situation. 
• Tests of higher braking authority limits for haptic soft-braking. 
• Tests to determine the acceptability of automatic braking as a function of maximum 

braking effort employed. 
 
Furthermore, information on interactions between warning interfaces is needed, especially for 
situations in which a vehicle warning and an infrastructure warning might be triggered at the 
same time. The combination of these two warnings (in which the infrastructure warning is 
independent of the vehicle warning and is meant to protect all drivers crossing the intersection) 
could interact to produce unintended consequences. Test-track studies should be run to 
determine the nature and likelihood of these unintended consequences. 
 
Tests of different traffic and environmental conditions would extend the known system 
characteristics and specifications into more complex situations to determine whether the 
expected effectiveness of the system is maintained. These situations may include: 
• Adverse weather conditions. 
• Presence of leading and following traffic (only following traffic was included in the tests 

reported herein). 
• Presence of visible cross-traffic at the intersection. 

 
Research leading to the refinement of threat assessment thresholds is also suggested. This 
refinement might take different forms, but it is suggested that it be tailored towards characterizing 
independent effects of various DVI types and examining the interactions between these 
combinations. In the long-term, this might allow the creation of tools which would allow designers 
to estimate appropriate and conservative thresholds for DVI types that have not been tested on test 
tracks. Refinement of threat assessment thresholds might also consider driver adjustability inputs 
that tailor warnings based on driver preferences. This approach might reduce nuisance alarms on a 
driver-by-driver basis while maintaining effective warning-onset thresholds. 
 
Finally, and on a longer-term basis, it may become necessary to examine ICAV DVIs in 
conjunction with other threat warnings (e.g., blind-spot vehicle presence warning, forward 
collision warning). This analysis should consider both technological and human behavior factors. 
From a technology standpoint, it is possible that ICAV systems might leverage off other threat 
assessment technology within the vehicle (or vice versa). From a human behavior standpoint, 
ICAV warnings will eventually have to be integrated with other warnings without producing 
undesirable interactions that may distract drivers who are responding to and handling critical 
situations. To achieve this goal, it will be necessary to establish an appropriate priority scheme for 
these different warnings. 
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Some of the above research endeavors are proposed as part of a recently-formed intersection 
collision avoidance system program. If implemented, the research efforts should aid in the 
deployment path of intersection collision avoidance systems similar to those discussed in this 
report. The results presented in this report, in conjunction with other parallel efforts, are 
expected to provide a solid foundation for further research for the development of intersection 
collision avoidance systems. 
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APPENDIX A. DETUNING RESULTS FOR “STOP” AUDITORY + STOP-SIGN 
VISUAL WARNING 

The purpose of this appendix is to provide the results of the detuning tests for the adjusted “STOP” 
auditory + stop-sign visual warning mentioned in the discussion of ICAV specifications. A detailed 
discussion of the theory behind detuning the ICAV subsystems, the detuning methods, and the 
detuning results for the “Red Light” + haptic soft-braking can be found in the Detuning Tests 
section Task 4 of this report. Recall that the optimal points for the “STOP” auditory + stop-sign 
visual warning and the “Red Light” auditory + constant haptic soft-braking warnings occurred at 
different points in the intersection approach. Thus, the results of the detuning tests for the “STOP” 
auditory + stop-sign visual warning will be slightly different than those discussed earlier which are 
relevant to “Red Light” + haptic soft-braking. 

The detuning test results are discussed here only in terms of RDP values, as the DVI-onset time 
delays associated with the detuning are not directly relevant to specification development. The 
results of the adjusted detuning tests will be briefly discussed before proceeding with the 
specifications. Results for communications update rate and number of dropped packets are shown 
in Table A1 and Table A2. The minimum acceptable update rate assuming zero dropped packets is 
4 Hz, but increases to 7 Hz if one dropped packet is allowed and 10 Hz if two dropped packets are 
allowed. As observed in the previous detuning discussion, the constraining speed was 40.2 kph (25 
mph).

Table A1. Combined effect of dropped packets and update rate on required deceleration 
for the low-speed (25 mph) trials. Feasible combinations are shown in bold and infeasible 

combinations are grayed out (required deceleration 0.26-0.30g). 

Dropped 
Packets 10Hz 9Hz 8Hz 7Hz 6Hz 5Hz 4Hz 3Hz 2Hz 1Hz 
0 0.27 0.27 0.28 0.28 0.28 0.29 0.29 0.31 0.34 0.27 
1 0.29 0.29 0.29 0.30 0.31 0.32 0.34 0.37 0.47 
2 0.30 0.31 0.31 0.32 0.34 0.36 0.40 0.47 
3 0.32 0.33 0.34 0.35 0.37 0.41 0.47 
4 0.34 0.35 0.36 0.38 0.42 0.47 
5 0.36 0.37 0.40 0.42 0.47 
6 0.38 0.40 0.43 0.47 
7 0.41 0.43 0.47 
8 0.44 0.47 
9 0.47



Table A2. Combined effect of dropped packets and update rate on required deceleration 
for the high-speed (70 mph) trials. Feasible combinations are shown in bold and infeasible 

combinations are grayed out (required deceleration 0.26-0.30g). 

Velocity detuning results are shown in Figure A1. The 40.2 kph (25 mph) curve is the 
constraining element once again, with a detuning value of ± 1.6 kph (1 mph) representing the 
allowable range of variation at that speed. 
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Figure A1. Effect of detuned velocity on required deceleration for the “STOP” 
auditory + stop-sign visual nominal warning onset (by travel speed). 

The longitudinal positioning detuning results for the “STOP” auditory + stop-sign visual nominal 
warning onset are shown in Figure A2. At the lower speed (40.2 kph or 25 mph), the minimum 
longitudinal accuracy is around 1 m (3.3 ft). 

Dropped 
Packets 10Hz 9Hz 8Hz 7Hz 6Hz 5Hz 4Hz 3Hz 2Hz 1Hz 
0 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.29 0.30 0.33
1 0.28 0.28 0.28 0.29 0.29 0.29 0.30 0.30 0.33
2 0.29 0.29 0.29 0.29 0.30 0.30 0.31 0.33 
3 0.29 0.29 0.30 0.30 0.30 0.31 0.33 
4 0.30 0.30 0.30 0.31 0.32 0.33 
5 0.30 0.30 0.31 0.32 0.33 
6 0.31 0.31 0.32 0.33 
7 0.31 0.32 0.33 
8 0.32 0.33 
9 0.33
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Figure A2. Effect of detuned longitudinal position on required deceleration for the 
“STOP” auditory + stop-sign nominal warning onset (by travel speed). 
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APPENDIX B. TASK 1 ESTIMATES OF INTERSECTION VIOLATION CRASH 
COSTS 

 
As part of Task 1 of the ICAV project, the costs associated with intersection-violation crashes 
were estimated. NHTSA recently released its current estimates of the economic costs of motor-
vehicle accidents, using 2000 data (Blincoe et al., 2002). The timing of the report was ideal 
because it enabled the 2000 crash data to be used to estimate the costs of the CP crashes identified 
in this report. The Blincoe et al. (2002) report provides costs on a per-person basis and per-vehicle 
basis, depending on the category of cost. Since the numbers generated throughout the current 
analyses were on a per-crash basis, a preliminary per-person analysis was performed in GES in 
the same manner as for Subtask 1.1. The analysis was done at the KABCO scale level in order to 
account for various levels of injury. The resulting table is presented as Table B 1. 

Table B1. Person-level results of SAS analysis, 2000 GES. 

Injury Severity Frequency Percent Cumulative
Frequency

Cumulative
Percent

PDO 3,172,000 75% 3,172,000 75%
Possible Injury 592,000 14% 3,765,000 89%
Non-incapacitating Injury 273,000 7% 4,038,000 96%
Incapacitating Injury 110,000 3% 4,148,000 98%
Fatal 5,000 0.1% 4,153,000 98%
Unknown Injury 6,000 0.2% 4,159,000 98%
Unknown if Injured 71,000 2% 4,230,000 100%

The numbers generated for Table B1 were then run through a Modified Abbreviated Injury Scale 
(MAIS)-KABCO scale translator to convert the KABCO scale numbers to the MAIS numbers 
necessary for the economic analysis. The results of the MAIS translator are shown in Table B2. 
Note that, for now, GES values are used for the fatalities. Future refinement of this model could 
include running a person-level analysis in FARS to generate more accurate fatality figures. 
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Table B2. MAIS totals after using MAIS-KABCO translator to convert the GES values 
from Table B1. 

KABCO A B C K O ISU Unknown Total

GES 
Totals 110,000 

273,000 592,000 5,000 3,172,000
6,000

71,000 4,230,000

MAIS 0 1,664 13,489 117,934 58 2,929,481 478 57,979 3,121,082
MAIS 1 53,974 216,406 424,685 75 235,426 4,486 11,365 946,417
MAIS 2 30,640 34,108 40,028 31 6,599 998 1,150 113,553
MAIS 3 18,341 8,218 8,935 6 920 276 555 37,252
MAIS 4 3,190 729 379 10 32 109 14 4,463
MAIS 5 1,933 189 107 0 0 8 32 2,269
Fatal 595 71 59 4,350 0 24 0 5,099
Total 110,337 273,210 592,126 4,530 3,172,457 6,381 71,095 4,230,135

The numbers from Table B2 were then converted to dollar values using the unit values provided in 
Table 2 of Blincoe et al. (2002, page 9). The unit values include costs associated with medical 
expenses, emergency services, market productivity, household productivity, insurance 
administration, workplace cost, legal costs, travel delay, and property damage; however, they do 
not include pain and suffering or other intangible costs. 

The results of this analysis are shown in Table B3 (in millions of dollars). Note that the PDO costs 
were calculated using a separate analysis of the 2000 GES data to estimate the number of PDO 
vehicles involved in the CP crashes identified in Subtask 1.1. The bottom line, $47,024,745,295, 
represents the costs associated with the 1,667,000 CP crashes identified for the year 2000 in 
Subtask 1. Knowing both the number of crashes and the total cost allows the per-crash cost to be 
calculated. Thus, the estimated cost per CP crash from Subtask 1.1 is $28,209. A series of pie 
charts are presented after Table B3 showing, first, the distribution of cost categories by MAIS 
levels and, second, the distribution of MAIS levels by cost category. 



 

209 

Table B3. Economic costs for CP crashes involving light vehicles, in millions of dollars, 
based on 2000 GES person and vehicle numbers and using the Blincoe et al. (2002) unit 

costs for 2000 data. 

INJURY 
COMPONENTS 

PDO MAIS 0 MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 Fatal Total

Medical $- $3 $2,252 $1,774 $1,732 $586 $754 $113 $7,215
Emergency 
Services 

$94 $69 $92 $24 $14 $4 $2 $4 $302

Market 
Productivity 

$- $- $1,655 $2,841 $2,662 $475 $995 $3,036 $11,664

HH Productivity $142 $103 $541 $831 $785 $125 $339 $977 $3,843
Insurance 
Admin. 

$350 $250 $701 $785 $704 $144 $155 $189 $3,278

Workplace Cost $154 $106 $238 $222 $159 $21 $19 $44 $963
Legal Costs $- $- $142 $566 $589 $150 $181 $232 $1,860
INJURY 
COMPONENTS 

PDO MAIS 0 MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 Fatal Total

Subtotal $740 $531 $5,623 $7,042 $6,644 $1,505 $2,445 $4,595 $29,125
NON-INJURY 
COMPONENTS 

PDO MAIS 0 MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 Fatal Total

Travel Delay $2,426 $2,413 $735 $96 $35 $4 $21 $47 $5,777
Prop Damage $4,484 $3,180 $3,638 $449 $253 $44 $21 $52 $12,122
Subtotal $6,910 $5,593 $4,373 $545 $288 $48 $42 $99 $17,899
Total $7,650 $6,124 $9,996 $7,587 $6,933 $1,554 $2,487 $4,694 $47,025
Note: Injury costs are based on the numbers of persons injured, while PDO costs are based on the numbers of 
damaged vehicles where there was no injury. 

Modified Abbreviated Injury Scale (MAIS)
MAIS 0 uninjured 
MAIS 1 minor injury 
MAIS 2 moderate injury 
MAIS 3 serious injury 
MAIS 4 major/multiple 
MAIS 5 unsurvivable 
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Figure B1.  Distribution of costs for PDO accidents on a per-vehicle basis, 2000 GES. 
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Figure B2.  Distribution of costs for MAIS 0 injuries on a per-person basis, 2000 GES. 
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Figure B3.  Distribution of costs for MAIS 1 injuries on a per-person basis, 2000 GES. 
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Figure B4.  Distribution of costs for MAIS 2 injuries on a per-person basis, 2000 GES. 
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Figure B5.  Distribution of costs for MAIS 3 injuries on a per-person basis, 2000 GES. 
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Figure B6.  Distribution of costs for MAIS 4 injuries on a per-person basis, 2000 GES. 
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Figure B7.  Distribution of costs for MAIS 5 injuries on a per-person basis, 2000 GES. 
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Figure B8.  Distribution of costs for fatalities on a per-person basis, 2000 GES. 
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Figure B9.  Distribution of medical costs, 2000 GES. 
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Figure B10.  Distribution of emergency services costs, 2000 GES. 
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Figure B11.  Distribution of market productivity costs, 2000 GES. 
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Figure B12.  Distribution of household productivity costs, 2000 GES. 
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Figure B13.  Distribution of insurance administration costs, 2000 GES. 
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Figure B14.  Distribution of workplace costs, 2000 GES. 
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Figure B15.  Distribution of legal costs, 2000 GES. 
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Figure B16.  Distribution of travel delay costs, 2000 GES. 
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Figure B17.  Distribution of property damage costs, 2000 GES. 

Given the calculated per-crash cost rate of $28,209, it is also possible to begin to grasp the 
potential benefits of a system designed to prevent intersection violations by applying the per- 
crash cost to the number of violation crashes calculated as part of Subtask 1.4.  This application 
results in the following costs for the 393,000 violation crashes in 2000 (note that the injury and 
PDO crashes are combined for this list since the per-crash cost is a combined figure): 

• LT with LT pre-crash maneuver:  89,000 crashes for a total cost of $2.5 billion 
• LT with straight pre-crash maneuver:  37,000 crashes for a total cost of $1.0 billion 
•  noillib 0.2$ fo tsoc latot a rof sehsarc 000,27  :PCS
• RT with RT pre-crash maneuver:  7,000 crashes for a total cost of $0.2 billion 
• RT with straight pre-crash maneuver:  1,000 crashes for a total cost of $28 million 
• One vehicle with stop sign: 162,000 crashes for a total cost of $4.6 billion 
• Two vehicles with stop sign: 26,000 crashes for a total cost of $0.7 billion 
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